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Abstract.
We have carried out a study of the nuclear emission line regions of a sample 
of radio galaxies with particular emphasis on the relationship between the radio 
source and the narrow emission line region.
It has long been known th a t powerful radio sources exhibit strong emission 
optical emission lines similar to the emission lines observed in other active galaxies 
( e . g . Seyferts). Much of our knowledge about radio galaxies and their associated 
line emission comes from studies of high powered radio sources such as those in the 
3CR catalogue. The success of recent studies of low level line emission in “norm al” 
early type galactic nuclei has opened the way to the possibilities of system atic 
studies of emission lines in early-type galaxies over a wide range of the radio 
lum inosity function. Since there is already significant knowledge of the emission 
line properties of high powered radio sources we have defined a complete sample 
of radio sources of “interm ediate power.” The sources in our sample overlap 
the Fanaroff-Riley break between high power radio sources w ith edge-brightened 
morphology and the low power sources with edge-darkened morphology. Given 
the fundam ental natu re  of this break we feel this is an interesting sample of 
galaxies for study of their emission line properties.
We have also placed considerable emphasis on the relationship of the radio 
core w ith the emission line gas. The radio emission from kiloparsec size radio cores 
arises from regions which are coincident with the narrow emission line regions in 
radio galaxies. It seems obvious then th a t a study of their interrelation will shed 
light on the nature of both  the radio source and of the emission line region.
We have obtained optical spectra over a wide spectral range using the RGO 
spectrograph and the FORS w ith the Anglo-Australian Telescope. In addition we 
have VLA radio maps at 1.4 GHz and 5 GHz for most of the sources in our com­
plete sample. We find tha t there is a correlation between emission line luminosity 
and to ta l radio power in at least five of the six most frequently detected emission 
lines in our sample. These lines (in order of increasing detection frequency) are 
H a+[N II], [OII]AA3727,9, [SIIJAA6717,31, [OIII]AA4959, 5007 and H/T We do not 
find a particularly  strong correlation between [OIII] AA4959, 5007 lum inosity and 
to ta l radio power. These results confirm and extend the correlations between
emission line luminosity and to tal radio power known in more powerful radio 
sources. The most remarkable finding of our study, however is th a t the correla­
tion does not extend into radio sources of lower power. The emission line/rad io  
correlation switches on at the Fanaroff-Riley transition region. Thus emission 
line strength  is yet another property of radio galaxies which is dependant on the 
morphological class of the radio source.
From our radio da ta  we have been able to derive spectral indices for a large 
num ber of radio cores in our sample. We found th a t the correlation between 
emission line luminosity and to tal radio power appears to be sensitive to  the 
radio core spectral index. Radio sources with optically thin cores (steep spectral 
index) show a strong correlation between emission line luminosity and to ta l radio 
power. Sources with optically thick cores (flat spectral index) show little  or 
no such correlation. So it seems tha t the existence of the emission line/rad io  
source correlation depends also on the nature of the radio core as well as on the 
morphological class of the source.
In an attem pt to understand these results we have studied the natu re  of the 
radio cores in the sources within our sample. We have compared our observations 
w ith current theories about radio core emission. An exam ination the relative 
prominence of radio cores and the size of the overall radio source as a function 
of radio core spectral index, shows th a t the relativistic beam ing model for radio 
cores (commonly invoked in reference to quasars) is not applicable to  the cores 
in our radio sources. The radio core spectral index is determ ined by physical 
conditions w ithin the radio core and not by any orientational effects.
P art of our understanding of the physical conditions w ithin the radio cores 
comes from the model we present in this thesis of the radio emission from a 
non-relativistic jet on scales of less than  a kiloparsec (corresponding to typical 
VLA core sizes for our sample). The model provides excellent agreement w ith 
the observed luminosities and spectral indicies of the radio cores in our sam ple if 
we invoke a region on parsec scales where the jet undergoes significant decelera­
tion. We in terpret the jet deceleration in our model as being due to interactions 
between the jet and the external medium within the narrow emission line region. 
This is supported by calculations which show th a t the jet comes into pressure 
balance w ith the external medium within the narrow emission line region. This 
interaction causes jet deceleration which results in enhancem ent of optically th in  
emission from the radio core and gives rise to an observed steep spectrum  core. 
Jet deceleration w ithin steep spectrum  cores is com m ensurate w ith our observa­
tion th a t radio sources with steep spectrum  cores tend to be smaller than  radio 
sources w ith flat spectrum  cores which do not undergo significant interaction 
according to  our model. It is also significant th a t sources w ith steep spectrum
cores have to ta l radio powers which are more strongly correlated w ith narrow line 
lum inosity than  are flat spectrum  core sources.
Emission line ratios show tha t there is a wide range of excitation levels 
within the sources in our sample. We also found a continuity between LlNER-type 
spectra and the higher excitation Seyfert-type spectra w ithin our sample. This 
suggests a photoionisation mechanism for the liner galaxies. We also found th a t 
there is no trend of ionisation param eter with radio power, although there is 
possibly a trend  with radio power of the hardness of the photoionising spectrum . 
This is in the sense th a t higher power radio sources are associated w ith a softer 
photoionising spectrum . These results suggest tha t the correlation between radio 
power and emission line luminosity arises as a result of more gas w ithin powerful 
radio sources, ra ther than  through any trend with the lum inosity of the central 
ionising source.
Our overall findings show th a t a likely basis for the correlation between 
emission line luminosity and to tal radio power is due to gas/je t interactions w ithin 
the narrow line region of radio galaxies. Our observation th a t the correlation 
switches on at the Fanaroff-Riley break, coupled w ith current ideas th a t class II 
radio sources contain supersonic jets, suggests th a t the presence (or lum inosity) 
of cool gas w ithin the nucleus of these sources is enhanced by the presence of a 
supersonic jet powering i t ’s way through the interstellar medium.
An alternative view is th a t the presence of large am ounts of cool gas feeds 
the central engine and gives rise to a powerful (class II) radio source. There 
is some evidence th a t class I radio sources are considerably older than  class II 
sources suggesting tha t the fueling gas may have been exhausted in these objects. 
Clearly there is much to be done in follow up studies of these phenom ena.
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Chapter 1: 
Introduction.
This thesis describes a study of emission line luminosities and emission line 
ratios in a complete sample of radio galaxies and the relationship of the emission 
line properties w ith the radio properties. We find evidence for interaction between 
radio jets and the interstellar medium in the narrow emission line region of class II 
radio sources. We also present a simple theoretical model describing the observed 
properties of the radio cores as a result of this interaction.
In this introductory  chapter we first present (in section 1.1) a brief overview 
of nuclear emission lines in radio galaxies. This is not intended to be a compre­
hensive survey of the field, bu t ra ther a look at the general ideas about nuclear 
emission line regions and their association with radio galaxies which form the 
background for the current study. Section 1.2 discusses the m otivation for and 
aims of this thesis. Section 1.3 presents a synopsis of the thesis and the contents 
of each chapter.
1.1: Nuclear emission lines in radio galaxies.
1.1.1: Emission lines and radio power.
It was discovered very early in the field of radio astronom y th a t there is an 
in tim ate connection between luminous radio sources and early type galaxies. Al­
though not all early type galaxies are associated with radio sources, all lum inous, 
extragalactic radio sources with identifiable host galaxies are found to lie in E or 
SO galaxies. An understanding of the reason for this association is of fundam ental 
im portance to an understanding of the radio source phenom enon, bu t a reason 
for why radio sources should prefer early type galaxies and shun later type spirals 
has not been forthcoming.
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Another im portant development in the study of radio galaxies was the obser­
vation by Fanaroff and Riley (1974) of the existence of two classes of extragalactic 
radio source. Basically the two classes were classified on the basis of the position 
of their peak brightness in the overall radio source distribution. Radio sources 
w ith the peak surface brightness at the centre of the surface brightness d istribu ­
tion are referred to as edge-darkened or “class I” radio sources. The other class 
of radio source (referred to as edge-brightened or “class II” ) has a double-lobe 
structu re  w ith hotspots at the ends of the double lobed surface brightness d istri­
bution. Fanaroff and Riley also found tha t there is a distinct transition  between 
class I morphology and class II morphology over a decade around a radio power 
of 1024 W H z-1 at 1.4 GHz. Class II sources lie at higher powers while class I 
sources lie at lower powers. This division of the extragalactic radio source popu­
lation into two classes may also be of fundam ental im portance in understanding 
radio galaxies. But, once again, there is considerable difficulty in understanding 
the reason for the two classes. One likely explanation is th a t class I sources may 
be sources in which the jets are subsonic or transonic whereas class II sources 
have supersonic jets (Bicknell 1985).
Since the work of Humason, Mayall and Sandage (1956) it has generally been 
recognised th a t early type galaxies exhibit optical emission lines less frequently 
than  do late type galaxies. Schmidt (1965) found th a t radio galaxies are more 
likely to exhibit emission lines than  norm al elliptical galaxies. Until recent d a ta  
on therm al X-ray emission from early type galaxies (see Fabbiano 1989 for a 
review) it was thought th a t early-type galaxies are gas deficient. It now appears 
th a t most of the gas in the interstellar medium of elliptical galaxies is in the form 
of a hot (T  ~  107 K) gas phase. This hot interstellar m edium  is thought to  exert 
an influence on the radio sources in many types of radio galaxies. For example, 
the surface brightness evolution and spreading rates of class II jets appear to  be 
determ ined by bouyancy effects and by turbulent entrainm ent of the in terstellar 
medium  into the jet (Bicknell 1984).
Recent sensitive surveys of early type galaxies using m odern electronic de­
tectors and stellar tem plate subtraction techniques have found th a t a low level 
of optical line emission is more common in early-type galaxies than  previously 
thought (Heckman 1980, Phillips et al. 1986). Phillips et al. (1986) found th a t 
approxim ately 50% of “norm al” early-type galaxies exhibit H a or [NII]A6584 
emission down to an equivalent w idth of 0.5 Ä relative to the stellar continuum . 
They infer tha t these galaxies typically contain around 105 M q  of emission line 
gas. This is a very small fraction of the to tal mass of these early-type galaxies.
A seminal work on optical emission lines in radio galaxies was the paper of 
Hine and Longair (1979) which examined the incidence of emission lines in the a
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sample of high power, 3C radio sources. They classified the optical spectra of 3CR 
radio galaxies by whether the forbidden [OII]AA3727, 9 emission line is strong, or 
w hether it is weak or absent. In general, they found th a t strong [Oil] AA3727, 9 
emission is more likely to be found in powerful radio galaxies than  in weaker 
radio galaxies. They also found th a t tha t galaxies with strong [Oil] AA3727, 9 are 
almost exclusively Fanaroff-Riley class II radio sources. Thus Hine and Longair 
found evidence for a correlation of emission line strength w ith radio power an d /o r 
morphological class.
The work of Hine and Longair (1979) is put on a quantitative footing by this 
thesis (see also Caganoff et al. 1988) and the work of Rawlings (1987). Rawlings 
(1987) examined the luminosity of the [OIII]AA4959,5007 lines in essentially the 
same sample used by Hine and Longair (1979). He found a correlation between 
[OIII] AA4959,5007 luminosity and the to tal radio power in the powerful (predom ­
inantly class II) galaxies in the 3CR sample of Laing, Riley and Longair (1983). 
The correlation does, however contain a large am ount of scatter indicating th a t 
the to ta l radio power is not the only param eter, or is not the fundam ental param ­
eter involved in the correlation. The most significant result from this work is th a t 
Rawlings (1987) is able to infer the energy flux down the radio jet for most of the 
sources in his sample. He found th a t there is a much tighter correlation between 
[OIII]AA4959,5007 luminosity and the jet power, indicating th a t jet power has 
a more fundam ental relationship to the [OIII] AA4959, 5007 lum inosity than  does 
the to ta l radio power.
A concurrent investigation of emission lines in powerful radio galaxies is 
the work of Baum et al. (1988) and Baum and Heckman ( 1989a,b) who carried 
out narrow band imaging in the H a and [Nil]AA6548,84 emission lines (and in 
some cases the [OIII] A5007 line) for a representative sample of 38 (predom inantly 
class II) radio sources. The main aim of their study was to examine the incidence 
of extended emission line regions in radio galaxies and examine the interaction 
between the radio source and the extended emission line regions. They generally 
found a complex relationship between the radio source and the emission line gas 
which varies from galaxy to galaxy. Baum and Heckman (1989a) reported  a 
correlation between emission line luminosity and to tal radio power as well as a 
correlation between emission line luminosity and the power in the radio core. 
They found tha t the spatial extent of the emission line gas tends to be larger in 
more powerful radio galaxies. Baum and Heckman (1989a) also gave evidence 
th a t photoionisation by the host galaxy’s nuclear ultraviolet continuum  is the 
dom inant means by which both  the nuclear and extended emission line regions 
are ionised. The origin of the emission line gas is unclear. There is some evidence 
for accretion via mergers or tidal interaction in some of the galaxies w ith large
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am ounts of extended emission line gas. They do not rule out the possibility th a t 
the gas condenses out of the hot interstellar medium.
All this evidence pertains to predom inantly powerful, class II radio sources. 
It was not known how far down the spectrum  in radio lum inosity the correlation 
between the emission line luminosity and the radio power continues. There is a 
hint in the work of Phillips et al. (1986). They find th a t there is a higher emission 
line detection ra te  in early-type galaxies which are detected at radio wavelengths. 
Although, among those sources detected, there is no evidence for a correlation 
between emission line luminosity and radio power. This result is seemingly at 
odds w ith the correlations dicovered in higher powered radio sources and suggests 
th a t the correlation between emission line luminosity and to ta l radio power also 
has some dependence on the morphology of the radio source.
1.1.2: Emission line spectra.
A parallel th read  in the study of optical emission lines in radio galaxies has 
been the work done on emission line ratios and modelling of the dynamics and 
ionisation m echanism of the emission line gas. The first work in this field was 
perform ed by Osterbrock and co-workers in the late 1970’s and is sum m arised 
by Osterbrock (1977). We also refer to Osterbrock and M athews (1986) and 
O sterbrock (1989) for more recent discussions of the emission line regions of 
active galaxies in general. The early work of Osterbrock and co-workers is highly 
significant because it was the first system atic study of emission line spectra  in a 
large num ber of Seyfert and radio galaxies and was responsible for the current 
picture of the nuclear emission line regions in active galaxies.
The radio galaxies studied by Osterbrock and co-workers were not chosen 
from a representative sample, bu t were instead chosen because they were known 
to exhibit strong emission lines. As a result, these radio galaxies are typicallly 
high power, class II radio sources. Osterbrock (1977) summarises the general 
features of the emission line spectra in these radio galaxies. There is a wide range 
of ionisation species from [01] through [OIII] to [NeV] and [FeVII]. Tem peratures 
derived from m easurem ents of [OIII] emission lines (~  104 K) discount shock-wave 
heating as a likely prim ary mechanism for ionisation of the narrow emission line 
region. The existence of a strong, non-stellar, power-law continuum  in most of the 
radio galaxies studied suggests th a t photoionisation by this power-law continuum  
is a likely ionisation mechanism. This hypothesis was strengthened somewhat by 
the work of Yee and Oke (1979) who m easured the strength  of the power-law 
component in a num ber of 3C radio galaxies and found a correlation between 
the H/? luminosity and the strength of the power-law component. Com parisons 
of emission line strength  with respect to the power-law continuum  also show
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th a t it is energetically feasible for the power-law continuum  to be responsible for 
photoionisation of the emission line regions in most of the galaxies studied ( e.g. 
O sterbrock and Miller 1975, Yee and Oke 1979, Baum and Heckman 1989a).
Em ission line spectra of radio galaxies are almost indistinguishable from the 
emission line spectra  of Seyfert galaxies. In particular, narrow line radio galaxies 
exhibit emission line spectra similar to those of Seyfert II galaxies (Koski 1978). 
Seyfert I galaxies have a radio galaxy analogue in the broad line radio galaxies 
(e.g. O sterbrock, Koski and Phillips 1975, 1976). This observation established 
the idea th a t the ionisation mechanisms in radio galaxies and Seyfert galaxies 
are essentially identical in nature. In fact this parallelism between radio galaxies 
and Seyfert galaxies has been expanded by Heckman (1980a,b) who showed th a t 
low level, low-ionisation nuclear emission line activity is detected in a significant 
fraction of apparently  normal galaxies—both early type (E and SO) and late type 
(spirals). Because of their low ionisation level, these emission line regions are 
commonly referred to as LINERS (Low-ionisation Nuclear Emission Regions). A 
popular p icture of active galaxies is th a t they divide into radio loud and radio 
quiet populations with late-type liners, Seyferts and radio quiet quasi-stellar 
objects form ing the radio quiet analogues of early-type liners, radio galaxies and 
radio loud quasi-stellar objects (e.g. Osterbrock and M athews 1986). It appears 
th a t the only significant difference between these objects (apart from the streng th  
of their radio emission) is the optical morphology of their host galaxies— radio 
loud objects being found in early-type galaxies and radio quiet objects being 
found in spirals.
Heckman (1980) initially suggested th a t liner galaxies are ionised by shock- 
wave heating. This picture has fallen out of favour following the failure of shock 
wave models to reproduce the observed [OIII]A4363 line strength  in m any cases. 
Ferland and Netzer (1983) and Halpern and Steiner (1983) have shown th a t the 
general features of liner spectra can be reproduced by photoionisation models 
w ith a small ionisation param eter (ratio of ionising photon density to electron 
density). The current picture of liner galaxies is th a t they are photoionised by 
a power-law spectrum  similar to but weaker than  th a t in Seyfert IIs (O sterbrock 
and M athews 1986).
Much recent work on emission lines in radio galaxies has concentrated on 
detailed modelling of a small num ber of easily observable galaxies, generally w ith 
extended emission line regions. Considerable work has gone into detailed pho­
toionisation models which suggest for a num ber of galaxies th a t a photoionising 
continuum  consisting only of an extrapolation of the observed optical power-law 
continuum  into the ultra-violet cannot accurately reproduce the observed emis­
sion line spectra  (e.g. Ferland and Osterbrock 1986, Robinson et al. 1987). Often,
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a hot therm al com ponent either alone or in combination with the non-therm al 
continuum  is invoked to achieve better agreement between observations and the 
model ( e.g. Robinson et al. 1987, B innette, Robinson and Courvoisier 1987a,b).
Thus we may summarise the current paradigm  for emission line regions in 
radio galaxies. They appear to be photoionised by an ultraviolet to X-ray con­
tinuum  generally assumed to be associated with the central engine powering the 
radio source. The strength of this continuum varies widely from galaxy to  galaxy 
with LINER spectra being the result of photoionisation by a relatively weak contin­
uum. It is often implicitly assumed tha t powerful radio galaxies exhibit emission 
line spectra of high excitation. We stress, however, th a t this assum ption is based 
on studies of powerful radio galaxies which are a 'priori known to possess strong 
emission lines and hence are not necessarily representative of radio galaxies in 
general. We note in particular tha t two strong emission line galaxies which have 
l in e r  type spectra  are PKS 2322-12 and 3C 178 (Costero and O sterbrock 1977).
1.2: Motivation and aims of the present work.
Much of our knowledge of emission lines in radio galaxies has been derived 
from studies of powerful northern radio galaxies generally selected from the 3CR 
catalogue. Studies of emission lines in radio sources of lower power had not been 
carried out, presum ably because of the difficulty of detecting emission lines in 
these objects. The survey of Phillips et al. (1986) showed, however th a t with 
m odern detectors it is possible to study low level activity in galaxy nuclei. Fur­
therm ore, by showing tha t low level nuclear activity is common in early-type 
galaxies they established a reason for examining the middle ground— the radio 
galaxies which are interm ediate between the powerful 3CR sources and the weak 
or “radio quiet” elliptical galaxies studied by Phillips et al. (1986) and Heckman 
(1980).
Secondly, knowledge about the correlation between emission line luminosity 
and radio power or radio morphology was largely qualitative. Yet it was also 
known th a t while a large fraction of radio galaxies exhibit emission lines, it is 
neither a necessary nor a sufficient condition tha t a galaxy be associated with 
a radio source in order for it to harbour nuclear line em itting gas. Clearly the 
strength  of the radio source is not the fundam ental param eter associated with 
emission line strength . In order to search for a fundam ental param eter or param ­
eters connecting the radio source with the emission line region, the correlation 
between emission line luminosity and radio power m ust be pu t on a quantitative 
footing. Furtherm ore, other phenom ena related to the radio source an d /o r the 
emission line region should come under detailed study. One prom ising candidate
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for such a study is the radio core which is often thought to be in tim ately related 
to the nuclear emission line region by virtue of the fact th a t they are co-spatial.
A nother param eter which may shed light on the relationship between the 
emission line region and the radio source is the excitation level of the emission 
line spectrum . Given the large range of excitation levels found in active galaxies 
(from liners to Seyfert/radio galaxy type spectra) it is im portan t to ask whether 
there is any trend  of excitation level with radio power. Since the excitation level of 
the emission line region is closely related to the ionising properties of the central 
engine, a study of excitation level as a function of radio power may shed light on 
the relation between the radio source and the central engine.
W ith  this threefold motivation in mind, we define the aims of the current 
study:
1. We aim  to define a complete sample of southern hemisphere radio galaxies 
of in term ediate power. The sample should be of interm ediate power so as 
to fill the gap in our knowledge of emission line properties of radio galaxies 
in term ediate between the powerful radio galaxies on the one hand and weak 
or radio quiet E and SO galaxies on the other hand. We want to see if the 
emission line behaviour observed in powerful radio galaxies really starts  at 
the transition  region between Fanaroff-Riley class and class II radio sources.
2. We aim  to obtain radio da ta  and optical spectra of at least a representative 
subset of this sample (given the time constraints involved for a 3 year Ph.D. 
project).
3. We aim to establish (or deny) a quantitative correlation between emission line 
lum inosity and radio power. We aim to determ ine how the study of emission 
lines in “norm al” early-type galaxies by Phillips et al. (1986) relates to the 
work on high powered radio sources carried out by Hine and Longair (1979). 
We aim  to establish quantitative notions about how emission line properties 
differ between Fanaroff-Riley class I and class II radio galaxies.
4. We aim  to examine the relationship between the radio core and the emission 
line region. Specifically we examine the role of the radio core as a second 
param eter in the emission line correlation with radio power.
5. We aim to examine emission line ratios in an unbiased sample of radio galax­
ies. We wish to establish whether there is any trend  in the excitation of the 
emission line spectrum  with radio power.
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1.3: Thesis synopsis.
C hapter 2 presents the selection criteria used in defining our sample of radio 
galaxies. We examine the optical identifications of the radio sources. We show 
th a t the sam ple is complete and representative of radio galaxies w ith radio power 
around the Fanaroff-Riley transition region.
C hapter 3 presents a detailed discussion of the VLA observations and the 
production of to ta l intensity maps at 1.4 GHz and 5 GHz plus spectral index 
m aps for a representative selection of the sources in our sample. We discuss the 
m easurem ent of radio core fluxes and spectral indices using a high pass filtering 
technique to  elim inate confusion with extended radio emission. We find evidence 
for a bim odal d istribution of radio core spectral index and define a class of steep 
spectrum  core sources and a class of flat spectrum  core sources. Comparison 
of our VLA d a ta  w ith the results from long-baseline interferom etry for selected 
sources in our sample indicate th a t the steep spectrum  cores have steep spectra 
because of a significant am ount of optically th in  radio emission on scales of hun­
dreds of parsecs. By contrast, the flat spectrum  cores appear to be dom inated 
by optically thick emission from length scales on the order of parsecs or less. 
We also present a moment analysis technique to derive large scale radio source 
dimensions, position angles and other param eters. M inimum energy calculations 
of the in ternal pressure in the radio lobes are also presented.
C hapter 4 discusses a m ethod of spectral index aging analysis and derive flow 
velocities and ages for 10 selected radio sources in our sample. These results are 
then used to  analyse the energy budgets for these sources. We find th a t the radio 
lum inosity accounts for at most, only a few percent of the energy budget of these 
class II radio sources. This finding agrees with the results of Rawlings (1987) for 
a sample of radio sources which is more powerful than  our sample by an order of 
m agnitude or more. There is no evidence for any dependence w ith radio power 
of the ra tio  between radio luminosity and jet power in class II sources. We note 
th a t Bicknell et al. (1989) find a generally much larger ratio  of radio lum inosity 
to jet power in a sample of class I radio sources. Based on this observation we 
suggest th a t the fraction of jet power which goes into radiation is prim arily a 
function of the morphological class of the radio source.
The second part of chapter 4 presents a statistical treatm ent of the radio cores 
and their relation to the large scale radio emission. In particu lar we examine the 
spectral index of the radio cores as a function of their relative prominence in 
the radio source. We also examine the relationship of core spectral index to the 
linear size of the radio source. We find tha t orientation effects and relativistic
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beam ing effects are not im portant in determ ining these relations in our sample. 
The likely alternative is tha t the spectral index of the radio cores in our sample 
is determ ined by processes intrinsic to the radio cores.
C hapter 5 presents a description of the optical observations carried out as 
part of this project. We describe the observational setup and d a ta  reduction 
process. We present observed redshifts and emission line fluxes.
C hapter 6 presents a discussion of the emission line properties and their 
relationship w ith the radio properties of the galaxy. We present correlations of a 
num ber of emission lines with to tal radio power. We also show th a t correlations 
of these emission lines with the core radio power are significantly weaker th an  the 
correlations w ith to ta l power suggesting th a t to tal power is more fundam entally 
related to the nuclear emission line region. We examine the radio core spectral 
index as a second param eter in the correlation between emission line lum inosity 
and to tal radio power. We find evidence for an effect where there is a strong 
correlation between emission line luminosity and to tal radio power for the radio 
sources with steep spectrum  core but radio sources w ith flat spectrum  core, show 
a less significant correlation between emission line luminosity and to ta l radio 
power. We suggest tha t this is evidence for interactions between the radio jet 
and the narrow emission line region in radio sources with steep spectrum  cores.
Com bination of our results with the results of Rawlings (1987) and Baum 
et al. (1988) confirms our observed correlation between emission line lum inosity 
and to ta l radio power for the [OIII] AA4959, 5007 and Ho +  [NII] emission lines. 
The combined samples show th a t these correlations exist over four decades in 
radio power for class II radio sources. A comparison of our results w ith the 
results of Phillips et al. (1986) shows tha t the correlation between emission line 
lum inosity and to ta l radio power does not extend into the low power radio sources. 
One of the most striking and remarkable results of this study is the finding th a t 
the correlation “switches on” at the power of the Fanaroff-Riley class I/class II 
transition  region. Given the suggestion th a t class I radio sources have subsonic 
or transonic jets while class II sources have supersonic jets, we suggest tha t 
this finding is further evidence for interaction between a supersonic jet and the 
emission line region in class II radio sources.
In chapter 6 we also present a discussion of emission line ratios and compares 
them  w ith ratios and diagnostic diagrams published in the literature. We find a 
wide range of excitation levels in our sample ranging from liner type spectra to 
Seyfert type spectra. Moreover we find a continuity in excitation between these 
two spectral types suggesting one ionisation mechanism for the entire range of 
excitations within radio galaxies. A comparison of emission line ratios w ith to tal
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radio power shows evidence for only one trend. We find a suggestion th a t the 
ratio  of [01] A6300/[OIII] A5007 decreases with increasing radio power. The lack of 
any corresponding trend of [Oil] AA3T2T, 9 / [OIII] A500T suggests th a t we are not 
seeing a trend of increasing ionisation param eter with increasing radio power. 
Instead, we suggest tha t increasing radio power is accompanied by a trend  in 
decreasing hardness of the photoionising spectrum .
C hapter 7 presents a num ber of core-jet models which establish a theoretical 
basis for understanding the results presented in previous chapters. We reinforce 
the notion th a t the spectral index of the radio cores in our sample are due to the 
intrinsic natu re  of the core ra ther than  due to orientation and beam ing effects. We 
develop a simple model for the synchrotron power and spectrum  of a supersonic, 
non-relativistic, jet. We relate the observed radio power of the core and i t ’s 
spectral index to large scale param eters of the radio jet (jet power, velocity, Mach 
num ber) and show tha t the simple model cannot m atch the observational data. 
We find th a t a simple modification of the core-jet model involving deceleration 
of the jet on scales of tens to hundreds of parsecs from the central engine, greatly 
enhances the optically thin radio emission from the core providing a be tte r m atch 
to the observations and the existence of two distinct radio core populations. We 
in terpret this deceleration as being due to je t/gas interaction in the narrow  line 
region associated with steep spectrum  radio sources. We close the chapter with 
a discussion of this interpretation in the light of evidence for interaction between 
radio jets and the narrow line region in Seyfert II galaxies and in compact steep 
spectrum  radio sources. We point out the obvious parallels between these objects 
and the steep spectrum  core sources in our own sample of radio galaxies.
Finally, chapter 8 presents our conclusions on a chapter-by-chapter basis as 
well as a discussion of our overall conclusions regarding evidence for interaction 
between the radio jets and the narrow emission line region of radio galaxies.
Throughout this thesis, a value H q =  100 k m s-1 M pc-1 is assum ed for the 
value of the Hubble param eter.
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Chapter 2:
The Sample.
2.1: Introduction.
The Parkes catalogue of radio sources provides the most extensive radio cat­
alogue in the southern hemisphere. This catalogue has been constructed through 
a num ber of system atic surveys of various parts of the sky at various different 
frequencies. The largest part of the catalogue follows from a 2.7 GHz survey 
covering most of the southern sky to a 95% completeness limit of 0.25 Jy. A 
sum m ary of this survey is presented in Bolton et al. (1979). It is this 2.7 GHz 
survey which makes up most of the 1983 version of the Parkes catalogue from 
which our sample is chosen.
Using selection criteria discussed below we have defined an homogeneous 
sample of radio sources from the Parkes catalogue. This chapter is concerned 
w ith the selection of the sample. The next section outlines the selection criteria 
used to isolate the sample from the Parkes catalogue. Section 2.3 presents the 
sample, section 2.4 discusses optical identifications for the sample with a detailed 
discussion of a num ber of individual sources. Finally, section 2.5 discusses the 
completeness of the sample.
2.2: Selection criteria.
A num ber of selection criteria are imposed to bias the sample to an interesting 
region of the radio lum inosity function and to govern the size of the sample—small 
enough th a t useful work could be carried out in three years yet large enough that 
significant statistical results can be derived from the study. A fortran program 
was w ritten  to search the Parkes catalogue database and generate samples of radio
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sources sa tis fy ing  various selection c rite ria . These samples were assessed fo r th e ir 
s u ita b il i ty  depending upon the to ta l num ber o f sources in  the sample and the 
expected fra c tio n  o f F ana ro ff-R iley  class I I  rad io  sources. U sing an app rop ria te  
co m b ina tio n  o f rad io  flu x -d e n s ity  lim its  and o p tica l m agn itude  lim its  we have 
selected a sample w h ich  is biased tow ard  m oderate  to  h igh  pow er rad io  sources.
The present sample o f rad io  sources is chosen fro m  the 1983 version o f the 
Parkes catalogue, sa tis fy ing  the fo llo w in g  selection c rite ria :
1. D e c lin a tion  lim its : —10° <  8 <  —35°.
These lim its  keep the  sample to  a manageable size and ensure th a t the en tire  
sample is observable using b o th  the  A  A T  and the V L A .
2. R ad io  flu x -d e n s ity  l im it :  S2 .7GHZ >  0.5 Jy.
A  reasonably h igh  rad io  flu x -d e n s ity  l im it  in  co n jun c tio n  w ith  o p tica l m agn i­
tude  lim its  biases the  sam ple tow ard  h igher powered rad io  sources. T h is  p a r­
t ic u la r  co m b ina tion  o f lim its  yie lds a sample w h ich  lies a round  the Fanaroff- 
R iley  tra n s itio n  region (F a n ha ro ff &: R iley, 1974) and conta ins 78 rad io  
sources, a p p ro x im a te ly  h a lf o f w h ich  are F ana ro ff-R iley  class I I  rad io  sources. 
A n o th e r reason fo r selecting th is  flu x -d e n s ity  l im it  is th a t fo r some parts  o f 
the  catalogue, incom pleteness m ay become a p rob lem  at low er flu x -d en s ity  
levels.
3 . O p tic a l m agn itude  lim its : 14 <  ttlb <  18.
M a n y  o f the galaxies in  the  Parkes catalogue have know n  redsh ifts  s im p ly  
because they e x h ib it p ro m in e n t em ission lines. Thus, using know n redshifts  
in  any selection c r ite r io n  w il l  bias the  sample tow ard  em ission-line objects. 
Instead, we e ffec tive ly  use m agn itude  as a d istance in d ica to r. The  b r ig h t 
o p tica l l im it  o f m agn itude  14 excludes nearby sources o f low  power. The  fa in t 
o p tica l l im it  o f m agn itude  18 is also im posed, b o th  to  govern the num ber 
o f sources in  the sam ple and to  avo id  incom pleteness due to  d ifficu lties  w ith  
m ak ing  o p tica l id e n tif ica tio n s  on sky survey plates a t m agnitudes greater 
tha n  18. As a resu lt o f these selection c r ite r ia  the redsh ifts  in  the sample 
lie  ty p ic a lly  in  the  range z =  0.05 to  0.3. T he  fa in t m agn itude  l im it  also has 
the  effect o f exc lud ing  ve ry  pow erfu l rad io  sources fro m  our sample.
4 . Id e n tifie d  w ith  a galaxy.
W e p a r tic u la r ly  w ish to  s tudy  rad io  galaxies w ith  the exclusion o f quasars. 
Hence we have adopted  th is  as a necessary c rite rio n . M a n y  rad io  sources in  
the  Parkes cata logue are associated w ith  quasars o r w ith  em p ty  fields. We 
make the assum ption  here th a t rad io  sources associated w ith  em p ty  fields 
rem a in  u n id e n tifie d  because the host ga laxy is fa in te r th a n  m agn itude  18. 
There  is p le n ty  o f evidence to  suppo rt th is  assum ption . For exam ple, L il ly
2-2
et al. (1985) report a high identification ra te  for 3C radio sources in the 
infra-red largely because m any host galaxies are so distant as to be rendered 
too faint for detection in the visible region of the spectrum . A llington-Sm ith 
et al. (1982) detect many faint radio identifications in CCD observations to 
a lim iting m agnitude m r ~  23. Similarly, Riley et al. (1980) (and references 
w ithin) find th a t a considerable fraction of previously unidentified 3C radio 
sources are 1 to 2 m agnitudes fainter than  the limiting m agnitude of the sky 
survey plates.
2.3: The sample.
The application of the above selection criteria to the Parkes catalogue results 
in the 78 radio sources listed in table 2.1. The inform ation listed in this table 
appears as in the original Parkes catalogue:
C olu m n  1: Parkes designation.
C olu m n  2: A lternative designations for those sources which appear in o ther 
catalogues. Many of these appear in the Ohio catalogue (e.g. 
Kraus 1966) an d /o r the catalogue of Mills, Slee and Hill (1960).
C olum n 3: The 1950 coordinates of the radio source. These coordinates 
were determ ined from the pointing of the Parkes 64m dish with 
corrections using a pointing solution derived from observations 
of calibrator sources.
C olu m n  4: Morphology of the optical identification as derived from sky sur­
vey plates.
C olu m n  5: Estim ated m agnitude of the optical identification. These are 
the estim ates listed in the Parkes catalogue and are generally 
estim ates from the original sky survey plates.
C olu m n  6: Flux-density at 2.7 GHz in Janskys.
Relevant references for the 2.7 GHz surveys are presented in table 2.2. The 
references are arranged in order of right ascension for each particular area in the 
2.7 GHz survey. These references come from table 2.1 in Bolton et al. (1979). 
A lthough the references presented in table 2.2 are only relevant to the 2.7 GHz 
survey, m any of the radio sources are present in surveys at other frequencies. 
Indeed, six sources in our sample lie in regions which were not part of the 2.7 GHz 
survey. These sources have been included in the Parkes catalogue from other 
surveys and will be trea ted  seperately in later discussions of the completeness of 
our sample.
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Table 2.1: Radio sources selected from the Parkes catalogue.
P K S  nam e R .A . D ec.
(1950)
I .D . m agn itu d e
(estim ated)
S 2 .7 GH Z
(Jansky)
0057-180 OB-196 00 57 42.1 -1 8  05 01 D 18 0.71
0108-142 01 08 40.3 -1 4  13 43 E 14.7 O.SS
0114-211 01-24 01 14 25.4 -2 1  07 55 E 16.5 2.4
0115-261 OC-227 01 15 52.3 -2 6  07 29 E 16.7 0 .57
0116-190 01-18 01 16 08.0 -1 9  05 04 N 18 0.67
0 2 0 7-224f OD-212 02 07 50.6 -2 2  27 26 E 15.5 0.86
0208-240 OD-215 02 08 59.8 - 2 4  05 29 G 17.5 0 .54
0229-208 OD-249 02 29 18.0 -2 0  53 49 E 16.5 0.75
0240-217 OD-267 02 40 19.3 -2 1  45 11 N 17.0 0 .97
0247-207 OD-279 02 47 17.4 -2 0  43 04 E 15.5 0.54
0304-122 OE-108 03 04 35.0 -1 2  17 21 SO 16.0 0.82
0307-305 03 07 56.1 -3 0  30 53 E 16.5 0 .64
0326-288 OE-2442 03 26 31.5 -2 8  51 54 E 17.5 0 . S3
0344-345 03-36 03 44 35.2 -3 4  32 00 E 16.5 2 .08
0349-278 03-212 03 49 31.9 -2 7  53 30 E 16.8 2.89
0424-268 OF-241 04 24 38.5 -2 6  50 31 E 17 0.60
0434-225 OF-257 04 34 28.0 -2 2  32 35 E 15.8 0.66
0449-175 04 49 07.9 -1 7  35 01 E 14.6 0 .64
0453-206 04-222 04 53 14.1 -2 0  39 00 E 14 2.79
0456-301 04 56 30.2 -3 0  11 54 E3 18 1.58
0502-103 05-11 05 02 29.9 -1 0  19 30 DB 15.4 0.7
0511-305 05-35 05 11 38.6 -3 0  31 36 E 16.5 1.27
0521-329 05-37 05 21 42.2 -3 2  54 08 E 18 0.58
0523-327 05-37 05 23 36.1 -3 2  45 06 D 16 0.68
0533-120 05-114 05 33 13.1 -1 2  04 31 N 17.8 0.8
0541-243f 05-27 05 41 04.3 -2 4  22 14 N 18 0.61
0545-199 OG-176 05 45 46.0 -1 9  59 06 E 16.5 0.59
0546-329 05 46 36.3 -3 2  58 32 E 14 0.81
0548-317 05 48 57.7 -3 1  45 00 E 14.5 0.68
0600-131 06 00 49.9 -1 3  09 58 DB 18.0 0 .75
0611-254 OH-219 06 11 31.7 -2 5  29 43 E 18.0 0.63
0614-349 06-36 06 14 48.8 -3 4  55 11 DB 18.0 1.96
0634-205 06-210 06 34 22.5 -2 0  34 18 E 16.8 4.5
0718-340 07-37 07 18 56.5 -3 4  01 27 E 15.8 1.36
0719-119 01-132 07 19 01.7 -1 1  59 49 E 17.0 1.10
0745-191 07 45 18.4 -1 9  10 12 D 18.0 0.9
0806-103 3C195 08 06 30.4 -1 0  18 59 N 18 2.49
0915-118 Hydra A 09 15 41.2 -1 1  53 04 D 14.8 23.5
0921-213 09 21 21.8 -2 1  22 47 G 16.5 0.53
1053-282 OL-288 10 53 09.7 -2 8  15 28 E 16.5 1.28
1103-244 11-21 11 03 45.7 -2 4  28 31 D 17.5 0.62
f Identification rejected—now blank field.
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Table 2.1 (cont): Radio sources selected from the Parkes catalogue.
PK S name R .A . D ec.
(1950)
I.D . m agnitude
( e s t im a te d )
S2 .7G HZ
( J a n s k y )
1254-300 12-38 12 54 39.8 -3 0  05 49 D 16 0.62
1258-229 12 58 17.4 -2 2  56 01 E 17.5 0.60
1323-271 13 23 27.0 -2 7  10 47 E 15.0 0.94
1324-300 OP-342 13 24 57.4 -3 0  02 29 E 18 0.58
1329-328 13 29 33.1 -3 2  52 56 D 15.5 0.77
1329-257 13 29 44.7 -2 5  44 25 D 18.0 0.93
1358-113 13-117 13 58 59.0 -1 1  21 57 E 15.0 1.06
1405-298 14 05 36.2 -2 9  50 11 G 18.0 0.5S
1414-212 14-26 14 14 38.6 -2 1  12 53 D 18.0 0.65
1417-192 14-15 14 17 02.6 -1 9  14 42 N 17.5 1.1
1423-177 OQ-139 14 23 11.6 -1 7  43 16 E 18.0 0.70
1449-129 14-119 14 49 51.6 -1 2  58 59 E 18 0.79
1514-2414 AP LIB 15 14 45.3 -2 4  11 23 E 15.0 2.0
1517-283 15 17 06.0 -2 8  23 37 E 17.5 0.61
1553-328 15 53 30.6 -3 2  53 50 E 17.5 0.69
1555-140 15 55 33.8 - 1 4  01 26 DB 16.5 0.73
1617-235f 16 17 59.9 -2 3  35 23 E 16.5 0.68
1654-137 OS-191 16 54 22 0 -1 3  44 23 G? 18 0.95
1712-120 17 12 51.2 -1 2  02 57 D 17.5 0.6
1915-121f 19-15 19 15 06.4 -1 2  09 19 DB 18 0.8
2013-308 20 13 08.7 -3 0  50 39 E 16.5 0.50
2030-230 20-28 20 30 20.7 -2 3  03 33 N 17.3 1.5
2040-267 20-212 20 40 44.6 -2 6  43 55 E 15.4 1.56
2053-201 20-214 20 53 11.3 -2 0  08 07 E 17.8 1.6
2058-282 20-215 20 58 39.1 -2 8  13 49 E 15.6 3.1
2058-135 20-119 20 58 56.7 -1 3  30 38 E 15.2 0.6
2104-256 21-21 21 04 24.9 -2 5  39 06 E 16.8 6.2
2117-269 21 17 49.0 -2 6  57 33 N 18 0.59
2134-281 21 34 18.5 -2 8  08 25 E 16 0.64
2159-335 21 59 00.8 -3 3  35 33 E 17.5 0.86
2206-237 OY-211 22 06 32.6 -2 3  46 39 N 17.0 1.33
2211-172 3C444 22 11 42.3 -1 7  16 38 D 17.8 4.62
2225-308 22 25 01.2 -3 0  49 00 N 16.5 0.55
2236-176 OY-161 22 36 30.2 - 1 7  36 07 E 16 1.06
2317-277 23-24 23 17 14.9 -2 7  44 27 E 17.5 1.91
2322-123 23-112 23 22 43.5 -1 2  23 57 E 15.4 0.88
2331-240 OZ-252 23 31 17.9 - 2 4  00 16 E 16.5 1.04
f Identification rejected—now blank field, 
j BL Lac object.
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Of the 78 sources in table 2.1, five sources have been dropped from the sample 
because accurate VLA positions have shown the original optical identifications to 
be erroneous w ith no alternative counterpart available. These sources are marked 
in column 1 of table 2.1 w ith a “f ” symbol and are discussed below.
Table 2.2: References to 2.7GHz survey.
S u rvey
part
R .A .
range
D ec.
R an ge
S l i m i t
( J a n s k y )
R eferen ce
3 3 \ l l \ l 9 \ 2 3 h -3 3 °  to -7 5 ° 0 .2 5 S h i m m i n s  ( 1 9 7 1 )
6 9h to 16h30m 
18h30m to 7h15m
-3 0 °  to -3 5 ° 0.20 S h i m m i n s  &  
B o l t o n  ( 1 9 7 1 )
7 8h to 17h 
19h30m to 6h30m
oOCO10-4-3
O
1 0.6 B o l t o n  et al. ( 1 9 7 5 )
11 22h to 5h
oOCO10
o
1 0 .2 5 W a l l  et al. ( 1 9 7 6 )
13 10h to 15h -1 5 °  to -3 0 ° 0 .2 5 S a v a g e  et al. ( 1 9 7 7 )
14 10h to 15h - 4 °  to -3 0 ° 0 .2 5 B o l t o n  et al. ( 1 9 7 9 )
Table 2.3 presents the results of a literature survey for all observations of 
the sources in our sample (excluding radio observations as part of the Parkes sur­
vey). This literatu re  survey was carried out mainly by searching through indexes 
of various journals as well as Astronomy and Astrophysics Abstracts for papers 
referring to radio surveys or radio sources in the southern hemisphere. References 
w ithin these papers were also followed up. Most of the papers containing opti­
cal identifications come from investigators engaged in the original Parkes surveys 
and are published in the Australian Journal of Physics Astrophysical Supplement. 
Redshift d a ta  come from m any different sources. A particularly useful source- 
book for redshifts is the Catalogue of Radial Velocities of Galaxies (Palum bo, 
Tanzella-N itti &; Vettolani, 1983) which contains an extensive list of references 
and galaxy radial velocities m easured before the end of 1980. In all cases the 
publications referenced in table 2.3 were checked for accuracy. Comparisons were 
made w ith other publications where applicable. The inform ation listed in table 
2.3 is:
C olu m n  1: Parkes designation.
C olu m n  2: References to  optical identifications of the radio sources. Of those 
w ith m ultiple references, some confirm the original identification 
whilst others suggest alternative identifications. These are dis­
cussed below for individual objects.
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C olu m n  3: References to m easurem ents of redshift for the identified galaxies.
C olu m n  4: O ther references. This is a ra ther heterogeneous category con­
taining any other references to the source. Some may merely 
m ention the object in a table while others are in-depth studies. 
Generally these references contain optical spectra, photom etry 
or radio maps. Of particular signifigance is reference 28 (Ekers 
et al. 1988) which presents pre-completion VLA observations of a 
num ber of Parkes radio sources. Optical da ta  are also presented 
in companion papers.
References corresponding to the num bers in table 2.3 are given in table 2.4.
2.4: Optical identifications.
Some of the sources in table 2.3 have more than  one reference for the optical 
identifications. These m ultiple identifications are in agreem ent for most of the 
sources. In the light of b e tte r radio maps available to us we are able to distinguish 
the correct identification where more than  one has been proposed. Furtherm ore, 
on the basis of accurate positions for the radio core we find some sources where a 
previous identification m ust be rejected but no alternative identification is found.
The sources discussed below are only those for which new inform ation re­
garding the optical identification has been found. Any sources appearing in table 
2.1 and not discussed in this section m ust be regarded as having a reliable op­
tical identification. Sources listed in table 2.3 w ith more than  one reference to 
an optical identification and not discussed here may be assumed to have all cited 
identifications in agreement.
Discussion of individual sources w ith new inform ation on the optical identi­
fication follows:
0207-224 : Bolton, Shimmins and Wall (1975) identified this radio source 
w ith a m agnitude 15.5 elliptical galaxy. Our VLA map shows the 
source to be unresolved and lying in a blank field approxim ately 
5.6 arcm inutes north of the original identification. No obvious 
optical counterpart is seen on either the ESO B or R plates. 
Accurate coordinates from the VLA map are: 02 07 50.96 ±  0.04 
-2 2  27 44.0 ± 0 .6 .
0229-208: Bolton, Shimmins and Wall (1975) identified this radio source 
w ith the brighter component of a double elliptical galaxy. Bozyan 
(1979) suggested the fainter component as the true identification.
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Table 2.3: References to previous work.
P K S  n a m e I d e n t i f i c a t io n
R e f e r e n c e ( s )
R e d s h i f t
R e f e r e n c e ( s )
O th e r
R e f e r e n c e s ( s )
0057-180 7
0108-142 7,48 70 31
0114-211 3
0115-261 12 27 27
0116-190 53
0207-224 12
0208-240 53
0229-208 12,14 27 27
0240-217 12,19 73,27 27
0247-207 12 27 27
0304-122 7 13,46,47,50
0307-305 60 27 27
0326-288 12
0344-345 3,41,65 27 27,77
0349-278 3 73,27 57,27,18,66,75
0424-268 3 27 27
0434-225 12
0449-175 7 70
0453-206 3 16,70
0456-301 32
0502-103 6 71
0511-305 3 27 27
0521-329 43
0523-327 3
0533-120 6
0541-243 43
0545-199 12
0546-329 60 27 27
0548-317 60 23,27 27
0600-131 7
0611-254 5 12,61
0614-349 60 63 38
0634-205 3 57,27 21,61,66,55,27,76,77
0718-340 3,41 16
0719-119 51
0745-191 6 39 77,78,79,81
0806-103
0915-118 42 22,28,69,37,29,81
0921-213 19 49
1053-282 12
1103-244 3,14
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Table 2.3 (cont): References to previous work.
P K S  n a m e Id e n tif ic a t io n
R e fe re n c e (s )
R e d sh if t
R e fe re n c e (s )
O th e r
R e fe re n c e (s )
1254-300 10,60 27 27
1258-229 43,54 56
1323-271 12 27 27
1324-300 60
1329-328
1329-257 10
1358-113 6 1,57 22
1405-298 40
1414-212 44
1417-192 6 15 39,34,2
1423-177 12
1449-129 10 29,56
1514-241 3 27 24,27
1517-283 12
1553-328 60,40
1555-140 12 49
1617-235 12 27 27
1654-137 12 33
1712-120 6
1915-121 10
2013-308 60 27 40,27
2030-230 39 38
2040-267 3 64,70 69
2053-201 3 36,38
2058-282 3 64,70,27 27,68,18
2058-135 6 70 62,56,30
2104-256 3 27 18,27,17
2117-269 12
2134-281 12
2159-335 60 40
2206-237 12,19 73,27 27
2211-172 6,74 25,68
2225-308 60,40 40,27 27
2236-176 11 27 35,27
2317-277 3 26
2322-123 6,14 58 81,42,34,20,2
2331-240 12 71,27 27
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Table 2.4: References.
N u m b e r R e f e r e n c e N u m b e r R e f e r e n c e
1 A n d e r n a c h  e t  al. (1980) 41 Lu (1970)
2 A n to n u c c i  (1985) 42 M a th e w s  et al. (1964)
3 B o l to n  et al. (1965) 43 M erke lijn  (1969)
4 B o l to n  et al. (1979) 44 M erkelijn  (1972)
5 B o l to n  &: E k ers  (1966a) 45 M erke lijn  & W all  (1970)
6 B o l to n  &: E k ers  (1966b) 46 Mills  &: H osk ins  (1977)
7 B o l to n  &; E k e rs  (1967) 47 O ’d e a  &: O w en  (1985)
8 B o l to n  & S avage  (1977) 48 P a l im a k a  e t  al. (1980)
9 B o l to n  &: S h im m in s  (1973) 49 P e te r s o n  e t  al. (1979)
10 B o l to n  et  al. (1968) 50 P i lk in g to n  (1964)
11 B o l to n  et  al. (1971) 51 R a d a v ic h  &: K ra u s  (1971)
12 B o l to n  et al. (1975) 52 Savage e t  al. (1977)
13 B o e s h a a r  & K ra u s  (1971) 53 Savage  &; W all (1976)
14 B o z y a n  (1979) 54 Schilizzi (1975)
15 B u rb id g e  (1967) 55 Schilizzi &: M c A d a m  (1970)
16 B u rb id g e  &: B u rb id g e  (1972) 56 Schilizzi &  M c A d a m  (1975)
17 C a m e ro n  et  al. (1987) 57 Searle  &: B o lto n  (1968)
18 C h r i s t ia n s e n  e t  al. (1977) 58 S c h m id t  (1965)
19 C o n d o n  et  al. (1977) 59 S h im m in s  (1971)
20 C o s te ro  &; O s te rb ro c k  (1977) 60 S h im m in s  & B o l to n  (1974)
21 D a n z ig e r  e t  al. (1978) 61 S h im m in s  e t  al. (1966)
22 D a n z ig e r  & G oss (1983) 62 Slee (1977)
23 D isn ey  (1974) 63 S p in ra d  et al. (1979)
24 D isn ey  et al. (1974) 64 T r i t t o n  (1972)
25 D o w n es  et al. (1986) 65 W all & C a n n o n  (1973)
26 E k e rs  (1969) 66 W all & Cole (1973)
27 E k e rs  e t  al. (1988) 67 W all et al. (1975)
28 E k e rs  &; S im k in  (1983) 68 W all &: P e ac o ck  (1985)
29 F o m a lo n t  (1971) 69 W e s te r lu n d  & W all  (1969)
30 F o m a lo n t  &: B r id le  (1978) 70 W h i te o a k  (1972)
31 F o m a lo n t  e t  al.  (1980) 71 W ills  & W ills  (1976)
32 G a r d n e r  & B o l to n  (1965) 72 W r ig h t  et al. (1977)
33 G e a r h a r t  e t  al. (1972) 73 W r ig h t  et  al. (1983)
34 G ra n d i  &: O s te r b ro c k  (1978) 74 W y n d h a m  (1965)
35 H a s la m  et  al. (1978) 75 D a n z ig e r  e t  al. (1984)
36 H a z a rd  (1972) 76 F o sb u ry  e t  al. (1984)
37 H e c k m a n  et al. (1985) 77 B a u m  e t  al. (1988)
38 H u n s te a d  (1972) 78 F a b ia n  et al. (1985)
39 H u n s te a d  e t  al. (1978) 79 A r n a u d  et al. (1987)
40 J a u n c e y  e t  al. (1982) 80 M ack ie  (1989)
81 H e c k m a n  e t  al. (1988)
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A VLA map by Ekers et al. (1988) however, supports the original 
Bolton, Shimmins and Wall identification.
0456-301: This radio source is very large and am orphous with no obvious 
compact component. As a result, the optical counterpart has 
been difficult to identify. G ardner and Bolton (1965) suggested 
th a t PKS 0456-301 and the nearby source PKS 0453-30 were the 
two lobes of a giant nearby radio source. The proposed opti­
cal counterpart was a nearby 14th m agnitude elliptical galaxy. 
Subsequent observations using the Mills Cross did not support 
this conjecture. Our VLA map shows the radio source to be an 
approxim ately circular source with suggestions of complex fila­
m entary structure  reminiscent of a Crab-like supernova rem nant. 
It is, however, unlikely to be a supernova rem nant because of i t ’s 
high galactic latitude ( — 36°) and i t ’s coincidence with the Abell- 
Corwin galaxy cluster 3297. W ithin this cluster it is difficult 
to see which galaxy is the optical counterpart because at least 
four prom inent galaxies lie w ithin the region of radio emission. 
It is notable however th a t the second-brightest cluster member 
{rriB — 16) lies close to (although not exactly coincident) with the 
peak of the radio emission. This galaxy appears to be a pair of 
galaxies undergoing some interaction. Furtherm ore, the bright­
est cluster m em ber is an elliptical galaxy with a very disturbed 
morphology and lies along a ridge-line in the radio emission. It 
is possible th a t this source is the result of galaxy interactions 
in this cluster, or th a t it is a young example of a “cluster halo'' 
source such as tha t found in the Coma cluster.
0541-243: Merkelijn (1969) rejects a previous suggested identification based 
upon radio coordinates accurate to about 8 arcseconds. The more 
accurate position puts this source in a blank optical field.
0 7 1 8 - 340: The two identifications appear to agree but it is difficult to be
certain because the finding chart published by Lu (1970) is not 
clear.
0 7 1 9 - 119: This source lies in a very crowded optical field. Radivich and
Kraus (1971) propose an optical counterpart to the southeast of 
the original identification proposed by Bolton and Ekers (1966). 
Our VLA m ap supports the original Bolton and Ekers identifi­
cation.
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0806-103: The publication of the original Merkelijn and Wall (1970) iden­
tification is, unfortunately, not accompanied by a finding chart. 
Our VLA map of this radio source supports an association with 
a faint galaxy of approxim ately 19th magnitude.
1103-244: Bolton, Clarke and Ekers (1965) suggest a 17.5 m agnitude galaxy 
as the optical identification for this radio source. Bozyan (1979) 
however, suggests a 19.5 m agnitude galaxy to the southwest. Our 
VLA map supports the original Bolton, Clarke and Ekers iden­
tification. This source looks like an N galaxy on the ESO plates.
1258-229: The two identifications agree. Both authors point to the brighter 
com ponent of a double elliptical as the identification. Our d a ta  
cannot rule out the possibility th a t the fainter companion galaxy 
is the true optical counterpart.
1617-235: This source appears in the catalogue as being associated with 
a galaxy of m agnitude 16.5 but the finding chart published in 
Bolton, Shimmins and Wall (1975) pinpoints a faint stellar object 
as the identification. Our VLA map indicates th a t none of the 
objects in this field are associated with the radio source and 
th a t the source lies in a blank field. Ekers et al. (1988) list 
the m agnitude of this object as >  21 suggesting th a t they have 
reached the same conclusion. It should be noted th a t this region 
lies at a low galactic la titude and shows heavy obscuration on 
the survey plate.
1915-121: This source lies in a crowded field at low galactic latitude. The 
original identification proposed by Bolton, Shimmins and Merke­
lijn (1968) m ust be rejected because an accurate VLA position 
points to a blank field approxim ately 17 arcseconds to the south.
2225-308: Jauncey et al. (1982) confirm the optical identification of Shim­
mins and Bolton (1974). A VLA map by Ekers et al. (1988) ap­
pears to further support this identification but the radio source 
is complex.
Of the twelve sources discussed above, five have been found to have erroneous 
optical identifications in the Parkes catalogue listing. Of these five, four have no 
optical counterparts. Three sources were found to have different identifications 
proposed by different authors. It is notable th a t in all three cases the original 
identifications made with the Parkes telescope have turned out to be correct.
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Ekers et al. (1988) note in their survey of Parkes radio sources th a t approx­
im ately 10% (10 sources out of 103) are misidentified. This is in good agreement 
with our misidentification ra te  of 5 out of 78. It is unlikely th a t there are many 
radio sources in our sample which remain misidentified.
Given the optical observations to be presented in later chapters we can say 
a posteriori th a t none of the sources in our sample are quasars which have been 
erroneously identified w ith elliptical galaxies.
2.5: Sample completeness.
Table 2.2 shows th a t our sample comes from regions with three different 
completeness limits. The regions 10h to 15h and 22h to 05h are estim ated to be 
95% complete at 0.25 Jy or less. The regions 05h to 06h30m, 08h to 10h, 15h to 17h 
and 19h30m to 22h are 95% complete at 0.6 Jy. The remaining regions, 06h30m to 
08h and 17h to 19h30m were unsurveyed in the 2.7GHz survey (Bolton et al. 1975). 
Five sources lying w ithin the unsurveyed regions appear in our sample. These 
sources have presum ably been included in the Parkes Catalogue from surveys 
other than  the 2.7 GHz survey. They are ignored in the following discussion of 
completeness of the sample since their statistical significance is unknown. It is 
unlikely however, th a t their inclusion in later analyses will involve a significant 
departure from the homogeneity of our current sample.
Most of our sources come from surveys w ith 95% completeness at flux- 
densities of 0.25 Jy or less. W ith a flux-density cutoff of 0.5 Jy these regions 
should be complete. T h irty  percent of the sample has come from surveys which 
have radio completeness estim ates of 95% at 0.6 Jy. This would suggest tha t 
our final sample is approxim ately 98% complete at 0.6 Jy. This completeness 
level however, must be an upper limit since the published estim ates are based on 
radio fluxes alone. Our fu rther use of optical criteria could render the sample less 
complete depending upon the reliability of optical identifications and estim ated 
optical m agnitudes.
Before the completeness of the entire sample is considered it is pertinent to 
examine the effects of concatenating two subsamples with different completeness 
limits. In the following discussion the two subsamples are referred to as the 
0.25 Jy  subsample and the 0.6 Jy  subsample.
Figure 2.1 plots the differential frequency distribution (in units of sources 
per steradian per flux-density bin) for radio sources in the two subsamples as a 
function of flux-density. The flux-density bins are linear. Open circles represent 
the 0.6 Jy subsample, while filled circles represent the 0.25 Jy  subsample. It
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is clear tha t the two distributions are similar. A M ann-W hitney U test shows 
th a t the. null hypothesis (th a t there is no difference between the distributions) 
cannot be rejected. In particular, there is no significant difference between the 
two subsam ples near the flux-density limit of 0.5 Jy. This suggests th a t the com­
pleteness of the entire sample may be addressed without regard to completeness 
of the different surveys which make up the sample. We therefore carry out the 
following completeness analysis on the combined sample.
To determ ine the completeness of a sample subject to known selection effects 
and assuming a uniform spatial distribution, it is standard  practice to employ the 
(V/Vm) lest (Schmidt 1968). Given a sample with known flux-density limits, any 
object in th a t sample has a given m axim um  distance at which it may lie and 
still be included in the sample. The volume enclosed by this distance limit is 
denoted Vm, the m axim um  volume. This object actually lies at a distance which 
defines an enclosed volume V . The m ethod of the (V/Vm) test is to calculate 
the ratio , V/Vm, for each object in the sample and determ ine the mean value for 
the sample. For a complete sample w ith uniform spatial distribution the result 
should be (V /V m) =  0.5. Completeness of a sample may be assessed by examining 
(V/Vm) as a function of sample flux-density limit. An example of this is found in 
the sample of M arkarian galaxies studied by H uchra and Sargeant (1973) where 
a decrease in (V/Vm) for fainter flux-density limits indicates th a t faint objects in 
the sample are not being detected. Hence their sample is incomplete.
Because of the use of a bright m agnitude cutoff in the selection of our sample 
the standard  (V/Vm) estim ator is no longer unbiased. We instead use a modified 
estim ator which is discussed in appendix A. The standard  (V/Vm) test param eter 
is simply the volume enclosed by the source distance divided by the m axim um  
distance: V/Vm = D3/ D3max. The modified param eter used in this case is:
V/Vm &  ~  B*min D3 -m a x  m i n
which gives the same results as the standard  (V/Vm) test for a uniform and 
complete sample w ith no bright m agnitude cutoff. For samples which diverge 
from uniform ity or completeness, this modified (V/Vm) param eter gives results 
depending on the ratio  of D mai to Dmin• A full discussion is given in appendix A. 
Note here th a t Dmax is the smaller of the two m axim um  distances allowed by the 
faint m agnitude limit and the radio flux-density limit. Hence, while each source 
in the sample has an optically determ ined Dmtn, Dmax is determ ined either by 
the radio or the optical luminosity.
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Figure 2.1: differential frequency distribution for radio sources in the two sub­
samples. Open circles represent the 0.6 Jy subsample. Filled circles represent the 
0.25 Jy subsample. Error bars are poisson 1 a errors.
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The calculations of V/Vm use the 2.7 GHz radio power derived from the 
Parkes 2.7 GHz fluxes and redshifts tabulated  in chapter 3. Radio K correc­
tions are calculated using the spectral index derived from the Parkes 2.7 GHz 
and 5 GHz fluxes. Absolute m agnitudes are calculated using the apparent mag­
nitude estim ates presented in table 2.1. The effects of galactic extinction have 
been included using the model of de Vaucouleurs, de Vaucouleurs and Corwin 
(1976, RCBG2). Burstein and Heiles (1982) have shown th a t the true distribu­
tion of galactic reddening is patchier than  represented by the RCBG2 model. In 
other parts of this work we use reddening corrections derived from Burstein Sz 
Heiles (1982) but for the (V/Vm) tests, galactic reddening is un im portant and the 
RCBG2 model is considered to be adequate. Optical K corrections used are those 
derived for the blue band by Coleman, Wu and W eedman (1980) using data  from 
M81. All these effects present only small changes to the results of the (V/Vm) 
test.
Figure 2.2 shows the results of the (V/Vm) test for the combined sample. 
Figure 2.2a plots (V/Vm) as a function of the radio flux-density limit at 2.7 GHz. 
This is generated by fixing the optical m agnitude limits at 14 >  m j >  18 and 
calculating (V/Vm) for those sources which have fluxes greater than  a given radio 
flux-density limit varying between 0.5 Jy and 2 Jy at 2.7 GHz. The run of (V/Vm) 
as a function of flux-density limit gives inform ation on the radio completeness of 
the sample. Similarly, figure 2.2b shows (V/Vm) as a function of the bright mag­
nitude limit. In this case the radio flux-density limit is fixed at S2.7GHZ > 0.5 Jy 
and the faint m agnitude limit fixed at >  18. The bright m agnitude limit is 
then varied between 14 and 17.5. Varying the bright limit as opposed to varying 
the faint limit gives the (V/Vm) test more sensitivity for the fain ter sources in the 
sample where incompleteness is more likely to manifest itself. Figure 2.2b gives 
inform ation on the optical completeness of the sample.
It is clear from figure 2.2 th a t the (V/Vm) test on our sample does not yield 
the canonical value of 0.5 for a complete and uniform sample. The fact tha t 
(V/Vm) is approxim ately independent of sample limit suggests th a t the sample 
is intrinsically nonuniform. But an intrinsic nonuniform ity in the radio galaxy 
population is ruled out by o ther investigations of larger samples of radio sources. 
Peacock (1985) in a comprehensive study of the evolution of the radio galaxy lu­
minosity function states th a t there is no significant evolution in radio galaxies for 
2 <  0.2. Furtherm ore, Peacock et al. (1981) find th a t (V/Vm) = 0.536 ±0.035 for 
nearby radio sources with P i .4 GHz < 2 x 1027 W H z- 1 . We m ust therefore assume 
th a t deviations of (V/Vm) from 0.5 are due to incompleteness or inaccuracies in 
our sample.
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Sam ple flux lim it a t 2.7GHz (Jy)
F igu re 2.2a: (V/Vm) test as a function of radio flux limit for the combined 
sample. Error bars represent the standard  error of the mean.
Sam ple bright m agn itu de lim it
F igure 2.2b: (V/Vm) test as a function of bright m agnitude limit for the com­
bined sample. The faint m agnitude limit has been fixed at 18. E rror bars repre­
sent the standard  error of the mean.
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Figure 2.3 presents the distribution of V/Vm for the sample using limits 14 >  
mb >  18 and S 2 .7GHZ > 0.5 Jy. In a complete, uniform sample the d istribution 
should be uniform and range between 0 and 1. This is true (w ithin the errors) 
except for a large excess of V/Vm values of unity. The sources in the (V / Vm) =  1 
bin are all listed in the Parkes catalogue as having an optical m agnitude of 18. 
This is merely an estim ated m agnitude from palom ar sky survey plates and it is 
clear th a t insufficient accuracy in these estim ates is giving rise to the anomalous 
values of V/Vm• A uniform distribution of V/Vm could easily be recovered if it is 
assumed th a t the true m agnitudes of these objects differ from 18 by even a small 
am ount. Any fain ter and they would be excluded from the sample. A lternatively 
since V/Vm varies rapidly near the high m agnitude limit, a small decrease in 
m agnitude would produce more acceptable values of V/Vm for these sources.
A large num ber of galaxies in our sample have m agnitudes quoted to only 
two significant figures yielding values of (V/Vm) for different m agnitude limits 
which are biased. To avoid this effect we have added “noise” to the m agnitude 
estim ates. For each galaxy, a pseudo-random  num ber from a gaussian distribution 
w ith zero m ean and a = 0.5 is added to the m agnitude. A (V/Vm) test is then 
carried out using the “noisy” m agnitudes. Figure 2.4 shows the averaged results 
of nine such tests. The error bars in these diagrams represent the s tandard  error 
of the m ean for each (V/Vm) determ ination added in quadrature to the l a  spread 
in (V/Vm) from the nine test runs.
Figure 2.4 shows (V/Vm) to be still slightly higher than  0.5. But the value 
of 0.546 dh 0.055 for the entire sample is in excellent agreement with the value 
of (V/Vm) derived by Peacock et al. (1981). The run of (V/Vm) with radio 
flux-density limit is flat, indicating little or no incompleteness in the sample 
based on radio flux-density. There is a slight gradient in the run of (V/Vm) with 
bright m agnitude limit indicating some incompleteness in optically faint galaxies 
in the sample. The extent of this incompleteness is difficult to estim ate given the 
uncertain ty  in m agnitude estim ates for the sources, but it is likely to be small.
2.6: Conclusion.
We have described the selection criteria used in isolating a complete, radio 
selected sample of radio galaxies from the Parkes catalogue. Of the original 78 
sources which satisfy our selection criteria, 5 are found to be misidentifications 
and are excluded from the sample.
We have carried out (V/Vm) tests on the sample to check i t ’s completeness. 
We find tha t imprecision in the estim ated m agnitudes in the Parkes catalogue 
significantly biases the results of the (V/Vm) tests. This bias may be elim inated
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F igu re 2.3: D istribution of (V/Vm) for the sample.
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Sam ple flux lim it a t 2.7GHz (Jy)
F igure 2.4a: (V/Vm) test as a function of radio flux limit for the combined 
sample. Noise has been added to the m agnitude estim ates.
i4-H
Sam ple bright m agnitude lim it
Figure 2.4b: (V/Vm) test as a function of bright m agnitude limit for the com­
bined sample. The faint m agnitude limit has been fixed at 18. Noise has been 
added to the m agnitude estim ates.
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by adding noise to the magnitudes. The results show tha t there is no discernable 
incompleteness in the sample based on radio flux-density. There is, however, 
a small incompleteness in optically faint galaxies in the sample. The (V / V m ) 
tests show th a t the selection criteria outlined above are an adequate description 
of all the selection effects in the sample. This implies th a t our sample is not 
unduly biased away from what could be considered a “typical” radio-loud galaxy 
population.
In later chapters we present the results of radio and optical observations of 
the galaxies in our sample. For various reasons (particularly  inclement weather 
on some of our allocated AAT nights) we have optical da ta  for only 60% of the 
sample derived in this chapter. We have taken care, however not to introduce any 
added selection effects into the observed samples. No prior knowledge of emission 
line activity is used in selecting the order in which we carry out our optical 
observations. We therefore claim th a t the results presented in later chapters are 
those for a representative subsample which accounts for a significant fraction of 
the unbiased parent sample presented above.
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Chapter 3:
Radio Observations.
3.1: Introduction.
A m ajor aim of this project is to obtain high quality, high resolution radio 
images of a statistically significant sample of radio galaxies. H itherto, the sources 
in our sample had not been subjected to any system atic study using m odern radio 
synthesis techniques. Early attem pts to obtain structu ral inform ation on some of 
these radio sources were made by Ekers (1969) using a two element interferom eter 
a t Parkes. This work mainly consisted of fitting models to visibility d a ta  to obtain 
angular sizes and seperations of components w ithin the radio sources. For a few 
sources radio maps with resolutions of about half an arcm inute are available from 
observations using later synthesis telescopes in the southern hem isphere such as 
the Mills Cross at 408 MHz or the Molonglo Synthesis Telescope at 843 MHz. 
For most of the sources in our sample however, these resolutions are too low to be 
useful. Ekers et al. (1989) used the pre-completion VLA to obtain  high resolution 
m aps of a large sample of southern radio sources. A lthough this sample comprised 
m ainly low-power radio sources, a few of the objects in our sample are present in 
this study.
Using scaled array VLA observations at 1.4 GHz and 5 GHz we have obtained 
radio continuum  and spectral index maps of the sources in our sample w ith typical 
resolution of a few arcseconds. These observations have been used to  determ ine 
the following radio source properties:
• The morphological class of the radio source is often ambiguous w ithout access 
to high resolution data  to determine the relative positions of hotspots, an 
active core and radio lobes. Current theories of radio sources suggest tha t 
morphological class may strongly reflect the underlying physics of the radio
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jets. For example it is conjectured th a t class II radio sources arise from 
supersonic radio jets whereas class I jets are subsonic (Bicknell 1985).
• The flux-density of the core component of these radio sources can only be 
reliably obtained from radio data  with resolution on the order of an arcsec- 
ond. Accurate core flux-densities have been obtained using a fourier filtering 
technique discussed in section 3.4. This technique avoids confusion of the 
core component w ith extended emission associated w ith the radio lobes.
There are also a num ber of quantities derived from the radio d a ta  which yield 
im portan t physical insight into the processes occuring in radio sources. These are:
• Accurate angular sizes of the radio sources can be determ ined from high 
resolution radio data. Section 3.4 describes a moment analysis technique 
which yields radio source sizes and position angles in a system atic way which 
is relatively insensitive to resolution effects.
• For well resolved radio sources, surface brightness and size d a ta  are used 
to determ ine minimum pressures and magnetic fields in the radio em itting  
plasm a.
• Scaled array observations at two frequencies are used to construct spectral 
index m aps. These spectral index maps when in terpreted  w ithin some model 
framework give an estim ate of the age of the plasm a at any point w ithin the 
source.
• M inimum pressures and plasm a ages are used to derive the energy flux in 
the jets supplying plasm a to the radio lobes in some of our sources.
This chapter is prim arily concerned with describing the radio observation and 
d a ta  reduction process. Derived quantities such as plasm a ages are presented in 
chapter 4. Section 3.2 contains a brief description of the VLA and the obser­
vations which were carried out for this program m e, section 3.3 presents a fairly 
detailed description of the data  reduction process. The radio m aps are presented 
in section 3.4. Section 3.5 presents some supplem entary d a ta  on milliarcsecond 
scale radio flux detected from a num ber of radio sources in the sample. These d a ta  
come from observations with the Parkes-Tidbinbilla long-baseline interferom eter.
3.2: VLA Observations.
A detailed description of the VLA can be found in Napier, Thom pson and 
Ekers (1983). Here, we outline some of the basic concepts regarding the VLA and 
i t ’s operation which are necessary to an understanding of our observing strategy.
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The VLA is a radio synthesis telescope operated by the N ational Radio 
A stronom y Observatory and located near Socorro, New Mexico. At a  northern  
la titude  of 34° it is capable of observing as far south as —45°, although at such 
southern declinations the uv coverage of the instrum ent is severely impaired. 
For declinations south of —12° it is desirable to observe using a hybrid array 
configuration (with a longer north-south arm ) to obtain reasonable uv coverage 
and a fairly circular beam.
The instrum ent itself consists of an array of 27 paraboloid antennas each of 25 
m etres diam eter. The antennas are arranged in a “wye” configuration, the three 
arm s of which are aligned approxim ately north, south-east and south-west. The 
351 interferom eter baselines yield sufficient coverage in the uv (fourier) plane tha t 
useful m aps of sources stronger than  a few tens of millijansky can be obtained from 
observations of approxim ately fifteen minutes duration—the “snapshot” mode of 
observation.
The VLA is designed to operate in four standard  configurations respectively 
called the A, B, C and D configurations. W ith a maxim um  baseline of 1.03 km, 
the D configuration is the most compact, while the most extended configuration 
is the A configuration with a maximum baseline of 36.4 km. The spacing of 
the antennas along each particular arm  follows a logarithm ic progression and is 
arranged to achieve a scaling in array size (and hence in resolution) of a factor of 
three between different array configurations. Since three of the available observing 
bands (L band at 1.4 GHz, C band at 5 GHz and U band at 15 GHz) are spaced a 
factor of 3 apart in frequency, different array configurations can be used to obtain 
radio m aps at different frequencies which have similar resolution (m ore precisely, 
they sample similar regions in the uv plane). For example, observations at 5 GHz 
in the D configuration m atch the uv coverage of observations at 1.4 GHz using 
the C configuration. This m atch of array configuration and observing frequency 
is referred to as “scaled array” mapping and is im portant for obtaining spectral 
index m aps of radio sources.
As m entioned above, observing southern radio sources w ith the standard  
configurations results in poor uv coverage because of the reduced projected  length 
of the north-south  component of each baseline. This results in beam s which are 
highly elongated in the north-south direction. More satisfactory observations 
can be made using “hybrid” arrays where the south-west and south-east arm s 
are arranged according to one configuration ( e.g. the D configuration) and the 
north  arm  is in the next most extended configuration (e.g. the C configuration).
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Table 3.1: VLA Observing Schedule.
D a te A rray
C onfiguration
Frequency
(MHz)
B a n d w id th
(MHz)
N o . o f  
A n ten n a s
5 Oct. 1986 B /C 1465/1515
4885/4935
50/50 27
9 Feb. 1987 C /D 1465/1515
4885/4935
50/50 27
23 Feb. 1987 C /D 1465/1515
4885/4935
50/50 24
25 Oct. 1987 A /B 1465/1515 50/50 26
Feb. 1988 B /C 4885/4935 50/50
We carried out snapshot observations at 1.4 GHz and 5 GHz using a num ­
ber of scaled hybrid array configurations. The observing schedule is shown in 
table 3.1.
Because of the large size of the sample we followed a two-fold observing 
strategy. The first round of m ulti-array observations were carried out on a subset 
of the sample comprising radio sources P i .4GHz >  1025 0 W H z-1 or w ith unknown 
redshift. We observed all sources with unknown redshift to ensure completeness of 
this subsam ple of sources. Concurrent A AT observations established the redshifts 
of these sources. This subsample was observed at both  1.4 GHz and 5 GHz in 
array configurations B /C  and C /D . Some of the sources which are not adequately 
resolved in those observations were further observed at 1.4 GHz in the A /B  
configuration to provide spectral index maps with better resolution.
Sources in the sample with previously known redshifts and P i .4 GHz between 
1024-5 W H z-1 and 1025 0 W Hz-1 were observed in only one array configuration 
at each frequency. The 1.4 GHz observations were perform ed in the A /B  con­
figuration, while the B /C  configuration was used for the 5 GHz observations. 
This strategy provides frequency scaling needed to obtain spectral index maps 
of the sources. Because data  from more compact arrays was not incorporated 
into the la tte r set of observations, some of these sources suffer from problems 
w ith overresolution. This is discussed in section 3.4 of this chapter. VLA system 
param eters at 1.4 GHz and 5 GHz are presented in table 3.2.
The strategy for each observing run was to obtain scans of typically 10 to 
15 m inutes duration on each radio source near culmination. Fifteen m inute scans 
were allocated to each source but this included slew tim e a n d /o r the tim e required
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Table 3.2: VLA system  param eters.
F requency band 1.4 G H z 5G H z
S y ste m  tem p era tu re  (°K) 60 60
R M S  sen sit iv ity !  (m Jy) 0.13 0.095
P rim a ry  B eam  (FW H P) 30’ 9’
A p p ro x im a te  sy n th esised  B eam !
A /B 3.9” 1.2”
B /C 12.5” 3.9”
C /D 44” 14”
A p p rox , largest stru ctu re  v isib le !
A /B 2’ 36”
B /C r 2’
C /D 15’ 5’
f In 10 m inutes with 50 MHz bandw idth and 27 antennas. 
! Values presented for the compact array component.
to change frequencies (effected by rotating the antenna sub-reflector to illum inate 
the appropriate  feed)-—hence the variation in scan duration. The ou tpu t from 
the correlators was integrated for 30 seconds yielding 20 to 30 d a ta  points for 
each baseline w ithin each scan. Calibration sources were observed once every 
hour w ith a prim ary calibrator being observed once or twice per observing run. 
C alibrator scans were of at least 5 minutes duration.
The radio continuum  instrum entation on the VLA is capable of handling 
four IF bands. This enabled us to obtain right and left handed polarization data  
in two adjacent bands of 50 MHz bandw idth giving an overall effective bandw idth 
of 100 MHz. The data  from the two bands are combined during the m ap making 
process. B andw idth effects on our observations are unim portant.
3.3: Data Reduction.
The da ta  reduction was carried out in two distinct phases— calibration and 
m apping. This section describes calibration of the da ta  and then the m apping 
procedure for each of the three types of maps obtained from the observations.
3-5
3.3.1: C alibr at ion:
The theory of the calibration of radio interferom etric d a ta  is described in 
detail by Bignell and Perley (1986) who identify three levels of the calibration 
process. The first two levels are intim ately associated w ith the design and op­
eration of the instrum ent. Corrections at these levels are generally applied to 
the d a ta  during the observation in response to unchanging system param eters 
( e.g. an tenna locations, delay corrections etc.) or on-line m onitoring of vari­
able param eters such as receiver sensitivity. We outline here the steps taken in 
the th ird  level of the calibration process which constitutes the off-line correction 
of instrum ental and atm ospheric effects to regain the original spatial coherence 
inform ation from the observed visibility data.
The problem  addressed by the calibration process is th a t for all observations 
the true  visibility function of the radio source Vij(t, v) m ust be obtained from the 
observed visibility function v) by inverting the following general relation:
v) =  v)Vi j ( t , i/),
where t is the tim e of observation, v is the frequency of observation and the 
subscripts i and j  refer to a quantity associated w ith an tenna pair (z, j ) .  The 
proportionality  factor Q is a baseline based complex gain factor.
The m ain influences on the gain term  Q are the effects of the atm osphere and 
the effects of antenna based electronics on the signal. At our observing frequencies 
atm ospheric attenuation  is small (only about 1%), but phase errors are generally 
significant. A ntenna based electronics can also add significant am plitude and 
phase errors to the signal. Since these errors all occur before correlation of the 
signals they can be regarded as antenna based errors. By contrast the post­
correlation or baseline based errors tu rn  out to be relatively un im portan t and 
it is generally assumed th a t they can be ignored. This allows us to factor the 
general gain into antenna based gains giving:
Vli =  GjGJVy,
where Gi is the complex gain of the z-th antenna.
By observing calibrator sources with known Vij(t, v)  throughout the observ­
ing run  we may determ ine the complex gains, Gi, as a function of tim e and apply 
these to the program m e observations to regain the true visibility functions. The 
im plem entation of this process at the VLA makes use of the redundancy inher­
ent in the array. For an interferometer array comprising N  antennas we obtain 
N ( N  — l ) /2  visibility da ta  points. But assuming only antenna based errors there
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are 2N  — 1 unkowns (am plitude and phase for each antenna minus one unkown 
since one antenna becomes the phase reference with phase set to zero). For 27 
antennas this makes 351 equations in 53 unkowns and the system is overdeter- 
mined. These unkowns are calculated from the calibrator observations using a 
least-squares technique. The secondary calibrators w ith unkown flux density (see 
below) we may simply be regarded as having one additional unkown in the sys­
tem. The flux densities for the secondary calibrators are determ ined from  the 
d a ta  in a process known as “bootstrapping.”
Each set of observations from each observing run is calibrated separately 
using the calibration software available on the Dec-10 com puter at the VLA. The 
first step in the calibration is to examine matrices of the m ean and standard  
deviation of the visibility am plitude for each of the scans and “flag o u t” (z. e. 
discard in a retrievable m anner) da ta  which is obviously in error. Most errors 
which are readily recognisable at this stage of the reduction process are transien t 
an tenna based errors due to interference. These manifest themselves in abnor­
mally high standard  deviations for the data  from a group of baselines associated 
w ith an erran t antenna. It was also commonly found th a t the first integration in 
each scan is erroneous due to an online com puter fault. These d a ta  have been 
flagged out. Generally, the flagging process at this stage is very conservative in 
the sense th a t only da ta  very obviously in error is flagged. Program m e objects, 
are often resolved and have visibility am plitudes which vary w ith baseline. For 
these sources it is best to leave uncertain error flagging until the m apping phase 
of the reduction when the errors can be best assessed. The m ain aim here is to 
elim inate any bad d a ta  from the calibrator observations in order to  obtain  an 
accurate calibration for the run. The calibrator sources are generally unresolved 
and reliable error detection is achieved with little difficulty.
After error flagging, the calibration observations are separated  into their 
own database. Calibration sources are of two types, “prim ary” calibrators and 
“secondary” calibrators. The prim ary calibrators generally have some resolved 
structu re  but their flux-densities are accurately known. These prim ary calibra­
tors are observed at least once per observing run to provide an absolute flux 
scale. Secondary calibrators are (ideally) unresolved on all baselines bu t, because 
of their compact size, vary in flux in an indeterm inate m anner (see Perley 1982). 
In all our observations, the prim ary calibrator is either 3C48 or 3C286. The 
flux-density scale is th a t of Baars et al. (1977). Flux-densities for the secondary 
calibrators are found using the bootstrapping process described above. Because 
the prim ary calibrators are significantly resolved many baselines have to be ig­
nored in the solution of these equations, leaving a num ber of antennas w ithout 
known gains. Once the flux-densities of the secondary calibrators are determ ined
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the prim ary calibrator is discarded and the gain solutions repeated using all (or at 
least m ost) baselines yielding gains for all antennas in the array and throughout 
the observing run.
The resulting gain solutions are then assessed for consistency. It is known 
th a t at our observing frequencies atmospheric a ttenuation  is small and th a t the 
an tenna voltage gains are stable to w ithin about 10% over timescales greater 
than  the observing time. Hence the am plitudes of the gain solutions for each 
antenna should not vary by more than  about 10%. Any exceptions to this rule 
generally indicates bad da ta  which has slipped through the early editing process. 
Similarly, the phases of the gain solutions for the two different polarization bands 
should only differ by a constant offset throughout the observing run. These two 
m ethods are used to identify remaining bad data  which is then flagged. The 
gains are recalculated until a consistent set of gain solutions for the whole run  is 
obtained.
In our October 1986 data  it is found tha t consistent gain solutions could 
not be obtained for the calibrator 0704-231. It appears th a t this source is not a 
good calibrator, possibly because of resolved structure. The observation of this 
calibrator was discarded.
The final step of the calibration process is to interpolate the gain solutions 
and apply them  to the visibility data  for the program m e objects. The d a ta  is 
then ready for the m apping process.
The gain solutions for our October 1986 data  show large phase variations 
in the last quarter of the run (approxim ately 5 hours w orth of data). These 
phase variations are undoubtedly due to bad atm ospheric conditions. The phase 
of the gain solutions for the two different polarizations tracked each other well, 
indicating no bad errors in the electronics. The phase variations are greater for the 
antennas in the outer parts of the array, indicating an atm ospheric cause for the 
fluctuations. This is because micro-turbulence in the troposphere w ith a power- 
law distribution in turbulent length scales generates random  phase fluctuations 
w ith an r.m .s. d istribution th a t is a power-law of antenna separation (Bignell &; 
Perley 1986). Antennas in the outer parts of the array are typically on longer 
baselines, hence atm ospheric phase fluctuations are larger for these antennas.
Given the large phase fluctuations it is unreasonable to expect the gain 
interpolations to remove all errors from this data. However self-calibration is 
successfully used during the m apping process to remove any residual errors from 
these data. The other observing runs in our program m e are not ham pered by 
such poor weather conditions.
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3.3.2: Total Intensity maps.
The map making process basically involves the fourier transform ation of the 
uv d a ta  followed by deconvolution of the “dirty beam ” from the image. In practice 
this process is complicated somewhat by the need to flag bad d a ta  and apply self­
calibration to improve the quality and signal-to-noise of the images. This section 
describes the use of the AIPS (Astronomical Image Processing System) package to 
generate a num ber of different types of map from the observations. All the m aps 
were generated using AIPS on a num ber of different machines— a Vax 11/780 and 
Convex C -l at the VLA and on a Convex C-120 at the A ustralia Telescope.
We derive a num ber of different images from each observation. Initially wide 
field, low resolution images are made at 1.4 GHz of a region of sky around the 
radio source corresponding to the antenna prim ary beam  This is used to identify 
confusing sources which have to be accounted for in the deconvolution step. The 
m ain maps to come from each source are images of the radio source at the full 
resolution which the da ta  will allow. These images are made at 1.4 GHz and 5 
GHz and furnish the bulk of the data—fluxes, sizes, surface brightness, m orphol­
ogy etc. Low resolution maps of the 5 GHz data  are also m ade and deconvolved 
using an identical “clean beam ” to the corresponding 1.4 GHz images. These 
images are used to obtain spectral index maps of the sources. Finally a high pass 
filter is applied to the uv data  and maps made of the compact com ponents of the 
radio sources. These are used to determine core fluxes.
The m ap making process is summarised schematically in figure 3.1. The 
first step is to combine all the uv da ta  available on each source into one d a ta  file. 
This includes da ta  from the two bandpasses for each observing run. Next the uv 
d a ta  is fourier transform ed and deconvolved. Generally we find it preferable to 
choose a “clean” deconvolution scheme (Högböm 1974) as opposed to a “m ax­
im um  entropy” scheme ( e.g. Cornwell and Evans 1985) because the la tte r does 
not autom atically conserve flux. Clean algorithms are also understood som ewhat 
b e tte r than  maxim um  entropy algorithms. Furtherm ore, AIPS contains a num ber 
of clean algorithm s with features which can be useful for different situations. MX 
was chosen over other clean algorithms as it is efficient for small uv databases. 
MX uses the Clarke clean algorithm  (Clarke 1980) in which the entire image is 
cleaned in the uv plane. This contrasts with image plane algorithm s (e.g. APCLN 
SDCLn ) which only clean the central quarter of the image. Thus, w ith MX sm aller 
m aps can be made, speeding up computing time for the large num ber of sources 
in our sample.
In some cases, for extended radio sources the MX algorithm  is prone to  the 
well-known “striping instability” (e.g. Cornwell 1983, Schwarz 1984). For these
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Calibrated uv data
Check end account for confusing sources.
If there are errors
If there are no errors
Inspect map for 
evidence of errors.
Flag errors in uv database
Self calibrated uv database
Flag evident amplitude errors
Concatenate databases 
into one uv data file
Have corrections converged?
Graph
visibility amplitude 
vs. baseline
Wide field, low 
resolution map 
(20cm data only)
Map constructed 
with optimum 
clean beam
Self calibrate 
the uv database using the 
map clean components as 
a source model
Map production and 
subsequent processing.
Figure 3.1: Schematic summary of the VLA map making process covering wide- 
field mapping, error correction and self-calibration.
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sources we use the AIPS routine sd c l n  which utilises the Steer-Dewdney-Ito 
algorithm  (Steer, Dewdney & Ito 1984). This is an image plane algorithm  which 
cleans a num ber of components simultaneously and successfully avoids striping 
in the image.
For the standard  images the restoring beam  is taken to be a gaussian beam  
w ith the same orientation and full-width at half-maximum as the core of the dirty 
beam. This choice is often the optim um  for the da ta  at hand. The pixel size is 
generally chosen so there are between four and nine pixels per clean beam . Total 
intensity maps with this optim um  resolution are made in this m anner for both  
the 1.4 GHz da ta  and the 5 GHz data.
For the wide field maps a heavy taper is applied to the uv data. This weights 
the uv d a ta  by a gaussian function which has the effect of suppressing inform ation 
from the high spatial frequencies. The result is a map with a large beam  and hence 
low resolution. In cases where wide-field maps reveal confusing sources within 
the prim ary beam  multiple fields are cleaned to rid the m ain field of sidelobes 
from the confusing source(s). This is accomplished w ith little difficulty using the 
m ultiple field capabilities of MX. For confused sources requiring trea tm ent w ith 
s d c l n  it is necessary to generate and clean a large image containing bo th  the 
program m e source and the confusing source. Fortunately this situation does not 
occur often.
Following the initial image deconvolution the results are inspected for evi­
dence of errors or interference in the data. The most common source of image 
degradation is phase errors from tropospheric effects discussed above. These are 
rem edied by applying self-calibration to the data. Often there are am plitude 
errors where a particular antenna has an abnorm ally low response. These are 
particularly  evident in plots of uv am plitude as a function of baseline and are 
probably due to a pointing error in the antenna. In these cases the d a ta  for th a t 
particu lar antenna is flagged out. In a few cases baseline based interference cause 
characteristic ripples across the image (see for example Ekers 1986). In these 
cases the offending baselines are identified and flagged out.
The next step is self-calibration of the images. Since phase errors are the 
most prevalent and damaging errors in the data, only the phases are corrected 
on the first few passes through self-calibration. The inputs to  the self-calibration 
algorithm  ASCAL are the uv d a ta  plus all clean components up to the first negative 
clean component. This serves as the model for the source. The algorithm  com­
pares the observed am plitudes and phases with those expected from the model 
(the clean components) and calculates antenna gain corrections in much the same
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m anner as decribed in the calibration section above. The difference is th a t in­
stead of using an unresolved calibrator to calculate antenna gains, a model of the 
object itself is used.
Once the da ta  has been edited and self-calibrated the whole process of m ap 
m aking, cleaning, inspection and self-calibration is repeated. For the first few 
cycles only the phases are corrected via self-calibration. After two or three cycles 
these phases converge to a particular value and the am plitudes as well as phases 
are corrected for the next few cycles. These self-calibrations are im portan t for 
increasing the dynamic range of the maps significantly. The final m aps typi­
cally have noise levels of between ~  0.5mJy and a few m Jy w ith corresponding 
dynam ic ranges of about 1000:1. These noise levels are close to those expected 
theoretically.
3.3.3: Spectral Index maps.
At the frequencies of our observations, synchrotron emission from a radio 
source follows a power-law spectrum  with spectral index a  defined by S u oc ^ _ a , 
where S u is the flux-density at frequency v.
We have already mentioned the need for sampling similar regions of the uv 
plane to obtain spectral index maps of radio sources. This need has been ade­
quately met by our observing strategy. In the map construction phase, it is also 
im portan t to ensure tha t maps at the different frequencies are spatially coincident 
and have been cleaned using an identical clean beam. Since the 1.4 GHz maps 
have already been constructed with optim um  resolution, it is only necessary to 
reconstruct the 5 GHz maps.
The starting  point for this process is the 5 GHz self-calibrated uv d a ta  which 
results from the map construction process described above. A gaussian taper is 
applied to the uv da ta  to decrease the weighting of source structu re  w ith high 
spatial frequency which is absent from the corresponding 1.4 GHz data. The 
streng th  of the gaussian taper is chosen such th a t the m axim um  baseline present 
in the 1.4 GHz d a ta  lies at the 3cr point of the gaussian taper. Note th a t the taper 
is only employed for the m ulti-array observations. Our second set of observations 
using the A /B  array at 1.4 GHz and the B /C  array at 5 GHz do not require 
application of a taper since these data  already sample similar regions of the uv 
plane.
The tapered maps are cleaned in the norm al m anner. The clean beam  is 
forced to be identical to the clean beam in the corresponding 1.4 GHz map.
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20cm
uv plane
sampling
clean beam
parameters
Apply gaussian taper to uv 
data.
Use clean beam which matches 
20cm clean beam.
Construct 6cm map.
Compare image position in map 
using unresolved components if 
possible. Shift 6cm map to 
exactly match the 20cm map.
(calibrated and free of errors)
6cm uv database.
Combine 20cm map and tapered 6cm map to produce a 
spectral index map.
Blank pixels below a given signal-to-noise level.
Figure 3.2: Schematic summary of the construction of spectral index maps using 
the 5 GHz uv database and image parameters from the 1.4 GHz maps.
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Spectral index maps are constructed from the 1.4 GHz and tapered 5 GHz 
m aps by calculating
at each point in the map. One problem with calculating spectral index in this 
m anner is th a t noise will give spurious spectral index values. For this reason, pix­
els in either input map with surface brightness less than  5cr above the background 
noise are “blanked1’ in the output map.
As a result of the self-calibration process the image may shift slightly. In 
order to combine the 1.4 GHz maps and the tapered 5 GHz m aps into spectral 
index maps it is sometimes necessary to shift one of the images by a fraction 
of an arcsecond to align the images accurately. This is done by com paring the 
relative positions of a prom inent compact feature in the image (usually the core 
com ponent). These comparisons are made to within a fraction of the beam  w idth 
by interpolation to find the peak of the feature. The resulting spectral index 
m ap is inspected for any evidence of mis-match such as spectral index gradients 
across unresolved components. Spectral index m ap construction is sum m arised 
schematically in figure 3.2.
3.4: Total flux-densities and morphological class.
Table 3.3 lists to tal flux-densities for the radio sources in our sample. 
C olu m n  1: This column denotes the PKS designation of the source. 
C olu m n  2: The to ta l Parkes flux-densities at 1.4 GHz are listed. Not all the
C olu m n  3: The to tal VLA flux-density at 1.4 GHz is listed. This is the
C olu m n  4: Noise estim ates from the VLA maps are listed. These are m ea­
surem ents of the r.m.s. noise w ithin a blank region of the m ap.
C olu m n s 5 to  7: The corresponding flux-densities and noise estim ates a t 5 GHz 
are listed in the same m anner as for the 1.4 GHz values.
sources were observed at 1.4 GHz with the Parkes radio telescope. 
In these cases the 1.4 GHz flux-density has been ex trapolated  
from the 2.7 GHz and 5 GHz flux-densities. These flux-densities 
are enclosed in parentheses.
flux-density within a box surrounding the the radio source and 
excluding all background sources in the image.
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Table 3.3: Total flux-density.
P K S  nam e 1.4 G H z F lux (J y )
Parkes VLA 1(7
(Jy) (Jy) (m Jy / b )
5 G H z F lu x  (J y )
Parkes VLA 1<j
(Jy) (Jy) (m Jy / b )
0057-180 1.20 1.19 0.71 0.41 0.37 1.40
0108-142 1.20 0.87 0.26 0.58
0114-211 4.10 3.75 18.60 1.24
0115-261 ( 1.02) 0.84 3.32 0.33
0116-190 1.20 1.13 0.30 0.43 0.41 0.61
0208-240 (0 .91) 0.91 0.62 0.33 0.32 0.14
0229-208 (1.23) 0.06 0.34 0.47
0 240-217 ( 1.16) 0.82
0 247-207 ( 1.01) 0.14 0.80 0.30
0304-122 1.50 0.38
0307-305 ( 1.09) 0.87 0.47 0.39
0326-288 (1.31) 1.29 0.24 0.54 0.50 1.70
0344-345 3.10 3.04 2.31 0.93 0.43 0.44
0 349-278 5.30 5.07 1.57 2.21
0424-268 1.20 1.08 0.51 0.39 0.35 0.85
0434-225 ( 1.16) 0.81 0.94 0.39
0449-175 0.80 0.31
0453-206 4.70 0.43 6.20 1.78
0456-301 2.70 2.47 0.22 0.90 0.80 0.15
0502-103 1.40 0.43
0511-305 2.00 2.96 0.59 0.75 0.25 0.40
0521-329 1.20 0.99 0.19 0.27 0.27 0.39
0 523-327 1.20 0.62 0.36 0.37
0533-120 1.50 1.32 0.23 0.64 0.58 0.94
0545-199 (0.85) 0.84 0.45 0.42 0.40 0.50
0 546-329 ( 1.41) 0.48
0 5 48-317 ( 1.11) 0.43
0600-131 1.20 1.27 0.16 0.38 0.38 0.37
0611-254 1.10 0.98 0.19 0.43 0.44 0.72
0614-349 2.70 2.69 1.47 1.33 1.27 8.20
0634-205 6.00 7.30 0.74 2.30
0718-340 2.10 0.95
0719-119 1.50 1.63 0.58 0.72 0.76 0.21
0745-191 (2.08) 2.11 1.10 0.41 0.40 1.70
0806-103 4.00 3.88 1.72 1.53 1.49 0.79
0915-118 43.50 13.1
0921-213 (0.68) 0.42
1053-282 ( 1.89) 1.38 2.30 0.89
1103-244 1.30 1.10 0.35 0.37 0.34 0.23
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Table 3.3 cont: Total flux-density.
P K S  nam e 1.4 G H z F lu x  (Jy)
Parkes VLA la
(Jy) (Jy) (m Jy / b )
5 G H z F lu x  (J y )
Parkes VLA
(Jy) (Jy) (m Jy / b )
1254-300 1.30 1.22 0.44 0.37
1258-229 (0.95) 0.72 0.77 0.39 0.41 0.30
1323-271 (1.84) 0.74 0.90 0.50
1324-300 ( 1.06) 0.97 0.63 0.33 0.25 0.56
1329-328 0.77 0.87 1.46
1329-257 1.30 1.35 0.63 0.48 1.14 0.36
1358-113 2.00 0.44
1405-298 (0.82) 0.68 1.05 0.42 0.36 1.91
1414-212 1.20 1.05 0.20 0.36 0.40 0.36
1417-192 1.80 1.50 0.68 0.83
1423-177 ( 1.27) 1.14 0.20 0.40 0.45 0.72
1449-129 1.30 1.36 0.72 0.47
1517-283 ( 1.10) 0.58 0.20 0.35 0.36 0.40
1553-328 (0.97) 0.95 0.46 0.50 0.36 0.42
1555-140 (0.64) 0.83
1654-137 ( 1.84) 1.25 0.29 0.51 0.49 0.07
1712-120 1.00 0.94 0.88 0.38
2013-308 (0.93) 0.28
2030-230 2.50 2.10 1.46 0.95
2 040-267 2.38 0.69 0.87 0.91
2053-201 2.60 2.21 0.60 0.99 0.77 0.23
2058-282 5.60 1.37 2.05 1.82
2058-135 1.30 1.07 0.19 0.52 0.02 0.10
2104-256(n) 6.00
2104-256(s) 4.74
2117-269 (0 .85) 0.94 0.29 0.42 0.39 0.12
2134-281 ( 1.15) 0.98 0.18 0.37 0.35 0.13
2159-335 (1.44) 0.53
2 206-237 (1.84) 1.94 1.23 0.98 0.89 0.72
2211-172 8.60 8.00 2.89 2.08
2225-308 (0.92) 0.78 0.70 0.34
2 236-176 1.50 1.06 1.00 0.54
2 317-277 2.90 3.03 0.15 1.26
2322-123 2.00 1.68 1.08 0.37
2331-240 ( 1.02) 1.06
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Figure 3.3 plots the VLA total flux-density as a function of Parkes to ta l 
flux-density for the sources in table 3.3.
Overresolution occurs when a significant am ount of the radio emission occurs 
on angular scales much larger than  tha t observable by the interferom eter. The 
lack of short baselines in the A /B  configuration means th a t a significant frac­
tion of radio emission from particularly large or nearby radio sources may not 
be detected. This results in abnormally low to tal (VLA) flux-density m easure­
m ents for some sources and will also affect surface brightness and spectral index 
m easurem ents.
At 1.4 GHz approxim ately 15% of the observed radio sources suffered from 
overresolution effects. All of these sources were among those observed only in the 
A /B  configuration. Overresolution is a problem for some of these sources because 
we do not have inform ation at low resolution from compact array configurations. 
Furtherm ore, the radio sources observed in the second phase of our observations 
are typically of lower power, hence they are typically closer and have larger an­
gular size than  the rest of the sample. In almost all of these cases, reasonable 
quality images are obtained using an estim ate of the to tal flux from Parkes data. 
Zero spacing inform ation is included in the uv data. This has the effect of adding 
a uniform  surface brightness bias to the dirty map which aids the clean process in 
converging to a reasonable estim ate for the zero spacing flux. This convergence 
is further aided in the cleaning process by carefully delineating regions of emis­
sion using “boxes.11 This m ethod is not efficacious in cases where a considerable 
am ount of low spacing information is lost. One example is the source 0229-208 
which is quit badly overresolved. The large (presum ably low surface brightness) 
lobes cannot be satisfactorily retreived w ithout considerable inform ation from 
more compact arrays.
Overresolution is a more serious problem with the 5 GHz data. In addition 
to  problem s with the radio sources observed only with the B /C  array, 14% of 
the sources observed with multiple arrays (B /C  and C /D ) required zero spacing 
inform ation in order to derive satisfactory 5 GHz maps. Even then, a satisfactory 
m ap of some sources ( e.g. 2058-135) could not be obtained at 5 GHz.
3.4.1: Morphological Class
The original classification scheme of Fanaroff and Riley (1974) is based on 
the position of the peak surface brightness in a radio source w ith respect to the 
length of the radio source as m easured by i t ’s lowest contour. If the peak surface 
brightness is closer to the outerm ost contour than  to the core, then the radio 
source is classified as class II. Conversely a peak surface brightness closest to 
the  core indicates class I morphology. Using contour levels is a bad m easure of
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Figure 3.3: Plot of VLA total flux density versus Parkes flux density at 1.4 GHz 
and 5 GHz.
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Table 3.4: Total power and morphological class.
P K S  nam e Log
P l A G H z
Morph.
class
P K S  nam e Log
P l A G H z
M orph.
class
0 0 5 7 -1 8 0 25.4 U 1254-300 24.6 II
010 8 -1 4 2 24.6 I 1258-229 25.3 I
0114-211 25.4 U 1323-271 24.6 II
0115-261 24.5 I 1324-300 25.7 I
011 6 -1 9 0 26.1 I 1329-328 24.3 II
0 2 0 8 -2 4 0 25.8 II 1329-257 25.8 II
022 9 -2 0 8 25.1 I 1358-113 24.5 U
0 2 4 0 -2 1 7 26.1 u 1405-298 24.8 U
0 2 4 7 -2 0 7 24.9 II 1414-212 25.2 i / i i
0 304 -122 25.0 I 1417-192 25.5 II
0 3 07-305 24.7 II 1423-177 25.2 II
032 6 -2 8 8 25.2 II 1449-129 24.9 II
0 3 44-345 25.0 I/II 1517-283 25.3 i/ ii
0 3 4 9 -2 7 8 25.4 II 1553-328 24.7 I
042 4 -2 6 8 25.1 u 1555-140 24.8 u
0 434-225 24.8 I 1654-137 25.3 II
0 449-175 23.9 1712-120 24.6 I
045 3 -2 0 6 24.8 I/II 2013-308 24.9 I
0456-301 25.7 I 2030-230 25.7 II
0502 -1 0 3 24.4 2040-267 24.6 I
0 511-305 25.0 II 2053-201 25.9 II
052 1 -3 2 9 25.9 I/II 2058-282 25.0 I
052 3 -3 2 7 24.9 I/II 2058-135 24.5 I
053 3 -1 2 0 25.6 I 2104-256(n) 25.0 II
054 5 -1 9 9 24.4 I 2104-256(s) 24.9 I
0 546-329 24.3 I 2117-269 25.0 II
054 8 -3 1 7 24.1 II 2134-281 24.8 I
0600-131 25.5 I/II 2159-335 25.7
0 611-254 25.4 I/II 2206-237 25.2 u
0 614-349 26.6 u 2211-172 26.4 II
0634-205 25.3 II 2225-308 24.5 I
0 718-340 24.3 2236-176 25.0 II
0 719-119 25.1 II 2317-277 26.0 I/II
0745-191 25.6 I 2322-123 25.2 u
0 806-103 25.9 II 2331-240 24.4 u
0 915-118 26.1 I
0 921-213 24.3
1053-282 24.9 I
1103-244 26.0 I
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Figure 3.4a: Histogram of total powers of class I radio sources.
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Figure 3.4b: Histogram of total powers of class II radio sources.
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Figure 3.4c: Histogram of total powers of class I/II radio sources.
co
<DO
I».
3
O
CO
- O
<U_>
o
CO
<Dk-
c
3
O
Log(Radio power at 1.4 GHz)
Figure 3.4d: Histogram of total powers of unresolved radio sources.
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radio source length since it depends strongly on receiver sensitivity and resolution 
(Ekers and Miley 1977). In section 3.6 we have gone to considerable effort to 
avoid such biased measures of radio source lengths. It is thus inconsistent to 
wholeheartedly adopt the Fanaroff-Riley classification scheme for our sample. 
We have been somewhat conservative in our classification scheme. Radio sources 
which clearly show one or more hotspots at the end of the radio emission are 
designated class II. Class I sources are those where the peak surface brightness 
coincides w ith the radio core. Sources with peak surface brightness interm ediate 
between these two extremes are designated class I/II.
One example of an interm ediate source is 2317-277 which exhibits a prom i­
nent feature in the northern  lobe (see appendix C for a contour m ap). This 
feature looks somewhat like a deflected jet ending in a hotspot rem iniscent of 
those in class II sources. The source however would be classified as class I under 
a strict in terpretation  of the original Fanaroff-Riley scheme. O ther examples of 
interm ediate or ambiguous morphologies are readily apparent from the contour 
m aps presented in appendix C.
Table 3.4 presents morphological classifications along with to ta l radio pow­
ers a t 1.4 GHz (using Parkes fluxes and the redshifts presented in chapter 5). 
Columns 1 and 4 list the radio source name, columns 2 and 5 list the logarithm  
of the to tal radio power at 1.4 GHz. The morphological classifications are listed 
in columns 3 and 6. The symbol “I” designates Fanaroff-Riley class I m orphol­
ogy while “II” designates Fanaroff-Riley class II morphology. Sources designated 
w ith a “U” are unresolved. The symbol “I / I I ” designates an interm ediate or 
ambiguous morphology. Unclassified sources rem ain so because of a lack of radio 
data.
Figure 3.4 presents histogram s of radio powers for the sample. Figures 3.4a 
and 3.4b show the histogram  for class I and class II sources respectively. Fig­
ure 3.4c presents a histogram  of powers for class I /I I  sources while the histogram  
of radio powers for unresolved sources is shown in figure 3.4d.
There is a surprising num ber of high power radio sources in our sample w ith 
class I morphology. It is fair to say, however, tha t most (if not all) of these have 
peculiar class I morphology. Three sources—0745-191, 0915-118 (H ydra A) and 
2322-123—are known to lie w ithin strong cooling flows (Heckman et al. 1989). 
The sources 0745-191 and 0915-118 have a peculiar radio morphology which may 
be due to interaction of the radio source with the cooling flows. A nother high 
power source which has been classified as class I is 0116-190. This is a poorly 
resolved source with a strong core embedded in a very low surface brightness 
halo. This source may better be classified as peculiar.
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Appendix C presents VLA contour maps for the entire sample. Given the 
num ber of sources in the sample it is im practical to present maps at bo th  frequen­
cies for each source. We instead present the best m ap of the source, usually the 
5 GHz map. In a few cases where the 5 GHz map is unduly noisy or overresolved, 
we instead present the 1.4 GHz map.
3.5: Compact emission in the radio sources.
3.5.1: Introduction—radio cores and hotspots.
Most extragalactic radio sources exhibit compact regions of enhanced radio 
emission. Since the sources in our sample lie at m oderately large distances and 
since our resolution is on the order of arcseconds, these regions are unresolved in 
our data. They fall into two categories depending on their position w ithin the 
radio source.
Radio cores are regions of radio emission coincident w ith the nucleus of the 
host galaxy. They are characterised by small angular sizes and high surface 
brightness, and are often presumed to be associated w ith the central engine of 
the radio galaxies (see Kellerman and Pauliny-Toth 1980 for a review of compact 
radio sources). Core sources can be further divided into two categories depending 
upon the slope of their radio spectrum . F lat spectrum  radio cores have a radio 
spectrum  with a spectral index a  < 0.5 (S v oc v ~ a). VLBI d a ta  shows th a t these 
flat spectrum  sources have a spatial extent on the order of a few parsecs and 
brightness tem peratures of 1011 to 1012 K. Steep spectrum  cores have a radio 
spectrum  a  >  0.5, similar to th a t of the more extended emission. It is generally 
accepted th a t the difference between these two types of radio cores is due to 
the presence of synchrotron emission from optically thick m aterial in the flat 
spectrum  cores. Steep spectrum  cores, however, have typical sizes on the order of 
kiloparsecs resulting in optically thin emission regions. We discuss this fu rther in 
chaptesr 4 and 7 after presentation of the results of long-baseline interferom etry 
on a subset of our sample.
Extra-nuclear compact regions are referred to as “hotspo ts.” Class II radio 
sources have hotspots at the edges of their radio lobes giving rise to the char­
acteristic edge-brightened nature  of these sources. They are generally assum ed 
to  represent the working surface of a jet where strong shocks convert the bulk 
kinetic energy of flow in the jet into synchrotron em itting relativistic particles 
( e.g. Blandford and Rees 1974). Hotspots in class I sources are not ubiquitous 
as in class II sources and are generally found closer to  the nucleus. These are 
also supposed to represent strong shock regions but w ithout substantial d isrup­
tion of the jet. Only a few of the class I sources in our sample exhibit hotspots.
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Although the hotspots in our sample are unresolved, other studies show them  to 
be typically a few kiloparsecs in size, elongated perpendicular to the source axis. 
They exhibit a spectral index of around 0.6 to 0.7, steeper than  com pact cores, 
bu t slightly flatter than  the spectral index of lobe emission (Begelman, Blandford 
and Rees 1984).
We have obtained flux-densities for the radio cores and hotspots in the 
sources in our sample. Section 3.5.2 describes the m ethod used to isolate the 
com pact emission and presents the results.
3.5.2: Filtered VLA data.
Accurate flux-densities of compact components are difficult to  obtain from 
ordinary radio maps because of confusion with surrounding extended structure. 
In class I radio sources the cores and hotspots are contiguous w ith jets which are 
often bright near the core. In class II sources, although the jets are of low surface 
brightness (or undetectable) the radio cores are often embedded in emission from 
“bridges” between the hotspots. Simply measuring the flux-density w ithin an area 
around the radio core may include emission from jets or the bridge in either case. 
Indeed, in some of the class II sources the surface brightness of the radio core is 
much lower than  the surrounding bridge emission rendering the core undetectable 
w ithout further image processing. For the same reason, the surface brightness 
levels in the cores of the contour maps presented in appendix C should not be 
used to determ ine radio core fluxes.
Inspection of the uv da ta  in the form of a graph of flux-density as a function 
of spatial frequency may give an idea of the strength of any unresolved compo­
nents in the data, bu t this has a num ber of drawbacks for quantitative analysis. 
W ithout phase inform ation it is impossible to determ ine w hether the unresolved 
flux-density originates from a compact core or from unresolved hotspots or both. 
Even w ith phase inform ation the data  is difficult to  interpret. The best m ethod 
to  study unresolved components in the da ta  is to apply a high pass filter to  the 
5 GHz self-calibrated uv d a ta  and construct maps in the usual m anner. High 
pass filtering has the effect of suppressing the extended emission and enabling 
m ore accurate m easurem ents of the unresolved core flux-density. Maps of un ­
resolved emission generated from the high pass filter technique are presented in 
appendix D. It is unlikely tha t the radio core flux in the filtered m ap is corrupted 
by flux from spatially seperated hotspots because phase inform ation (equivalent 
to  positional inform ation on the sky) is retained in the filtering process. No 
m ore flux is shifted around the sky than  might happen in ordinary deconvolution 
techniques routinely used in radio astronomy.
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One m ethod for applying a high pass filter within AIPS is to ignore all uv d a ta  
points from baselines shorter than  a given value (typically 40 kilowavelengths) 
during the map making process. However, applying such an abrup t cutoff in 
the fourier domain tends to introduce ringing in the real dom ain which take the 
form of ripples across the image. Furtherm ore tossing away a large num ber of 
uv d a ta  points can produce some rather awkward (usually very elongated) beam 
shapes. Ringing in the filtered map is reduced somewhat by applying a smoothly 
varying high-pass filter to the uv data. We achieved this by writing an AIPS 
task which multiplies the visibility weights interior to a given wavenumber by a 
cosbell function which tends smoothly to zero towards the origin of the uv plane. 
For the 5 GHz data, and the 1.4 GHz A /B  data, visibilities with wavenumber less 
th an  40 kA were cosbelled. For the lower resolution 1.4 GHz m ulti-array data, the 
cosbell was applied to da ta  with wavenumber lower than  15 kA. This lower cutoff 
for the 1.4 GHz d a ta  was necessary because in most cases there is unsufficient 
d a ta  beyond 40 kA to allow mapping. However, most of the extended structure  
in these radio sources lies below 15 kA. Spectral indicies for the radio cores do 
not appear to be unduly affected by the filter mismatch. We fit the resulting 
cores w ith two dimensional gaussian functions to determ ine their flux-density 
and wdiether they are unresolved. A few of the 1.4 GHz cores do show some 
extension and their core flux-densities should strictly be regarded as upper limits 
when comparing them  with the 5 GHz data. The flux-density m easurem ents from 
gaussian fits are compared w ith simple measures of the flux-density w ithin a box 
around the feature. In all cases the two flux-densities are in good agreement. 
Typically the flux-densities of compact components m easured in this way are 
accurate to within 10%. The measured flux-densities are checked for consistency 
w ith am plitude d a ta  in the uv plane. In this way we are able to m easure flux- 
densities of compact components down to a few millijansky.
We have tested the validity of the high-pass filter technique using the U VMOD 
routine within AIPS to take a uv database from a snapshot observation and fill 
the database with a model radio source consisting of two circular gaussian lobes 
each w ith full-width at half-maximum of 10 arcsecs and flux-density 0.5 Jy. The 
lobes are spaced 30 arcsecs apart. Between the two gaussian lobes we place a rect­
angular bridge of length 30 arcsecs and w idth 10 arcsecs. This bridge also has a 
flux-density of 0.5 Jy. At the centre of this model we place a point source nucleus. 
A contour map of the cleaned model radio source is presented in figure 3.5a. The 
use of a real uv database in the model (derived from observations) ensures tha t 
the sam pling of the radio source in the fourier domain is realistic. Note also, 
th a t a rectangular bridge joining the two radio lobes is a worst-case in term s of 
background contam ination of the radio core flux-density. Figure 3.5b presents a
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Figure 3.5a: Cleaned model radio source comprising an unresolved core with a 
flux-density of 50 mJy superposed on a rectangular bridge between two gaussian 
lobes. The uv database is taken from a snapshot observation of PKS 0057-180 
which gives this model a realistic baseline coverage. The peak surface brightness 
and contour levels are listed at the bottom of the map.
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F ig u r e  3 .5b : The effect of applying a high-pass filter to the model radio source 
in figure 3.5a is to isolate the unresolved core from the surrounding radio emission. 
The core has a flux-density of 50 mJy. It is clear th a t the extended radio emission 
does not significantly contam inate the radio core after filtering.
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F ig u re  3.6: T h e  m ea su red  rad io  core f lu x -d en sity  is p lo tte d  as a  fu n c tio n  o f th e  
m o d e l co re  f lu x -d e n sity  for th e  m odel rad io  source  show n in  figu re  3.5a. O n ly  th e  
s tr e n g th  o f th e  co re  h as  been  varied . T h e  o u tp u t  re su lts  a re  in  g o o d  ag reem en t 
w ith  th e  in p u t  re su lts  w ith  som e loss of flux for low flu x -d en sity  cores as a  re su lt 
o f th e  c lean in g  p reocess.
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contour m ap of the cleaned model radio source in figure 3.5a after it has been 
processed through the high-pass filter—only the radio core remains. If there is 
more than  one point source present in the source (eg an unresolved ho tspo t) then 
it too would be present in the filtered map. This other point source, however 
would not be included in the derived flux-density of the radio core because it will 
be obviously distinct from the radio core. An example of this situation is shown 
in the filtered map of PKS 0344-345 presented in appendix D.
Figure 3.6 illustrates the results of the filtering process on a num ber of model 
radio sources with radio core flux-densities varying between 1% and 30% of the 
to ta l radio flux. Different points with the same model flux-density correspond to 
models deconvolved with different CLEAN param eters. The derived core flux- 
density is in excellent agreement with the flux-density pu t into the model. For low 
flux-density cores, there is some flux lost (on the order of a 10% to 20%) because 
the deconvolution process has difficulty obtaining all the flux in weak sources 
against a noisy background. These losses are a function of the deconvolution 
param eters and not sensitive to the structure of the radio source. Hence the losses 
are sim ilar for the two different frequencies used to derive spectral indices, and 
they will not have a significant effect on the derived radio core spectral indices, 
we conclude th a t contam ination from the extended radio source has no significant 
effect on the flux-densities and spectral indices derived for the unresolved core 
com ponents using the high-pass filtering method. The dom inant sources of error 
in the core flux-density determ ination are integration tim e and uv coverage of the 
observation.
Table 3.5 presents core flux-densities and spectra for the sources in or sample. 
The 5 GHz core flux-densities are more reliable than  1.4 GHz core flux-densities 
for two reasons. F lat spectrum  cores tend to be more prom inent w ith respect to 
the steep spectrum  extended emission at 5 GHz. Hence it is easier to obtain  core 
flux-densities free of contam ination from the extended emission. Furtherm ore, 
much of the 5 GHz da ta  available to us has higher resolution than  the 1.4 GHz 
data. Thus, a larger region of the uv plane which can be accepted after the 
high-pass filter has been applied results in filtered maps of higher quality. Upper 
lim its in table 3.5 represent 3a of the background noise in the filtered m ap.
Table 3.6 presents flux-densities of hotspots in the sources in our sample. 
These have been measured in the same m anner as for the radio cores.
The distribution of core spectral indices is illustrated in figure 3.7 which plots 
the VLA core radio power at 5 GHz as a function of the VLA core spectral index. 
This diagram  is taken from chapter 5. The relation shows no correlation between 
the two quantities, but an evident feature of this diagram  is the apparent gap in
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Table 3.5: Core fluxes and spectra.
P K S  name 5 G H z  Flux
(mJy)
Error 1.4 G H z  Flux
(mJy)
Error Spectral Index
0057-180 172.0
0108-142 41.0 5.0 32.5 1.0 -0.2 F
0114-211 3800.0 300.0
0115-261 70.0 41.0 203.0 70.0 0.8 S
0116-190 118.0
0208-240 <1.5 <12.0 0.0 1.6
0229-208 50.4 4.1
0240-217
0247-207 32.2 12.1 1.7 -0.8 F
0304-122
0307-305 < <2.4 0.0
0326-288 24.3 <21.0 0.0 < -0.1 F
0344-345 51.4 1.6 38.9 2.8 -0.2 F
0349-278 11.0 <936.0 0.0 <3.5 S
0424-268 40.0 <787.0 0.0 <2.3 S
0434-225 0.7 1.0 15.8 0.8 2.5 s
0449-175
0453-206 24.5 <60.0 0.0 <0.7 s
0456-301 <0.7
0502-103
0511-305 9.9 0.4
0521-329 <20.0 5.0 3.0 1.0 > -1.5 F
0523-327 <1.8 0.0
0533-120 188.0 10.0 233.0 6.0 0.2 F
0545-199 53.8 4.1 117.0 11.0 0.6 S
0546-329
0548-317
0600-131 1.2 0.2 3.7 1.3 0.9 s
0611-254 64.6 1.4 35.7 16.8 -0.5 F
0614-349 1276.0 43.7 2830.0 44.0 0.6 s
0634-205 16.0 0.1 <2.3 0.0 < -1.5 F
0718-340
0719-119 10.0 1.0
0745-191 246.7 6.8 1165.0 10.0 1.2 S
0806-103 20.0 <9.0 0.0 < -0.6 F
0818-128 <976.0 17.0
0915-118
0921-213
1053-282 52.4 21.6
1103-244 72.0 53.0 9.0 -0.2 F
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Table 3.5(cont): Core fluxes and spectra.
P K S  nam e 5 G H z F lux
(m j y )
Error 1.4 G H z F lu x
(m j y )
E rror S p ectra l In d ex
1254-300 < 3.0 < 3.3
1 258-229 107.8 1.0 378.0 39.0 1.0 S
1323-271 14.0 1.0 6.4 1.3 - 0.6 F
1 324-300 4.6 0.5 2.8 1.2 - 0.4 F
1 329-328 3.6 2.5 - 0.3 F
132 9 -2 5 7 123.5 2.1 78.3 8.0 - 0.4 F
1358-113 84.0
1405-298 130.0 12.0 378.0 7.0 0.8 S
1414-212 1.8 0.2 < 2.0 < 0.1 F
1417-192 91.4 12.6
142 3 -1 7 7 7.6 0.3 16.5 3.5 0.6 S
1 449-129 4.2 0.4 <
1 5 17-283 21.9 0.3 < 1.5 <  - 2.1 F
1 5 53-328 125.6 0.4 278.7 0.6 S
1 5 55-140 521.0
165 4 -1 3 7 8.2 0.3 < 3.0 <  - 0.8 F
1 7 12-120 28.5 0.3 188.0 5.0 1.5 S
201 3 -3 0 8 1.3 0.6
203 0 -2 3 0 19.5 3.1
204 0 -2 6 7 11.3 5.0 21.9 11.4 0.5 S
2053-201 20.6 0.2 < 5.4 <  - 1.1 F
2058-282 24.9 6.8
2 058-135 < 0.4
2104-256(n ) 50.0 60.0 0.1 F
2104-256(s) 52.0 55.0 0.0 F
211 7 -2 6 9 5.0 0.2 < 3.0 A 1 o F
2134-281 1.2 0.7 3.1 0.7 0.7 S
2 159-335
2 2 0 6 -2 3 7 962.0 4.3 1945.0 33.0 0.6 S
2 211-172 1.5 1.1
222 5 -3 0 8 33.6 6.8
223 6 -1 7 6
0Ö 3.4
2 3 1 7 -2 7 7 5.4 0.4 < 3.3
Ö1V F
232 2 -1 2 3 205.4 61.0
233 1 -2 4 0
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the d istribution  of spectral indices between a  ~  0 and a  ~  0.5. Moreover, many 
of the negative core spectral indices are actually upper limits fu rther suggesting 
bim odality in the distribution of core spectral index. One m ethod of estim ating 
the true  distribution of spectral indices in the presence of upper lim its is the 
K aplan-M eier estim ator which yields an estim ate for the cum ulative d istribution  
for a sample with random ly distributed upper limits (Feigelson and Nelson 1985). 
The Kaplan-M eier estim ator for our core spectral indices is presented in figure 3.8. 
The error bars represent la  errors in the estim ator. There is a clear “shoulder” 
or point of inflexion in the cumulative distribution between spectral indices of 0 
and 0.5. This shoulder is caused by a deficit of sources w ith spectral indices in the 
range 0 to  0.5. We thus conclude th a t there is evidence for a bim odality  in the 
d istribution  of VLA core spectral indices. Hereafter we refer to VLA cores with 
spectral index a  >  0.5 as “steep spectrum  cores” and cores w ith spectral index 
a  <  0.5 are “flat spectrum  cores.” Column 7 in table 3.5 lists the designation of 
the VLA cores for which we have spectral indices.
3.5.3: Long-baseline interferometry.
Long baseline interferom etry using the Parkes-Tidbinbilla Interferom eter 
(P T I) was perform ed on a subset of sources in our sample in three observing 
runs in 1988. The P T I is a radio linked interferom eter using the 64m telescope 
at Parkes and one of the antennas of the NASA Deep Space Tracking Network at 
Tidbinbilla. The observations reported here used the 70m antenna (DSS45). Sys­
tem  param eters are presented in table 3.7 which is taken from Slee et al. (1988). 
At our operating frequency of 2.29 GHz, the PT I has a fringe spacing of ~  0.1 
arcseconds. The P T I is described in detail by Norris et al. (1988).
The flux-density scale was calibrated by observations of 11 strong, unre­
solved quasars and using Hydra A as the prim ary flux-density calibrator. W ith  a 
bandw idth  of 10 MHz and integration time of 512 seconds the m ean r.m .s noise 
fluctuation is 1.1 ±  0.1 mJy. The standard  error in correlated flux-density varies 
between ~  3% for the strongest sources and ~  21% for the weakest sources (Slee 
et al. 1988).
The visibility da ta  was reduced and correlated flux-densities determ ined us­
ing the program m e package p t i l o o k  w ritten by R.P. Norris. The results are 
listed in table 3.8. Upper limits are 3a limits.
O u tpu t from PTILOOK consists of a plot of correlated flux-density (in arb i­
tra ry  units) as a function of fringe frequency. The delay is adjusted so th a t zero 
fringe frequency corresponds to the nominal position of the source. In setting  up 
the observing param eters, we used optical positions of the radio sources w ith an 
accuracy of about ±1 arcsecond. The software allows a search in fringe frequency
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F igure 3.7: Plot of VLA core power as a function of VLA core spectral index. 
Note the apparent lack of sources with spectral index in the range 0 to 0.5.
VLA core spectral index
Spectral index
F igu re 3.8: The Kaplan-M eier estim ator for the cum ulative d istribution  of VLA 
core spectral index. The distinct “shoulder” in the d istribution  indicates a bi­
m odality in the d istribution of VLA core spectral index.
Table 3.6: Com pact hotspot fluxes in class II sources.
P K S
nam e
E ast
H o tsp o t
(m Jy)
W est
H o tsp o t
(m J y)
O th er
H o tsp o t
(m J y)
0 2 0 8 -2 4 0 29.1 66.5
0 3 2 6 -2 8 8 162.9 40.2
0 3 4 4 -3 4 5 16.8 < 1.8
0 3 4 9 -2 7 8 277.4 25.0
0 4 2 4 -2 6 8 22.5 69.8
0 5 1 1 -3 0 5 < 1.0
0 5 3 3 -1 2 0 < 2.2 < 2.2
0 5 4 5 -1 9 9 < 1.3 < 1.3
0 6 0 0 -1 3 1 < 0.7 < 0.7
0 6 1 1 -2 5 4 18.0 < 2.6 10
0 6 3 4 -2 0 5
0 8 0 6 -1 0 3 20.0 120
110 3 -2 4 4 17.0
132 4 -3 0 0 < 1.6 < 1.6
132 9 -2 5 7 13.0 54.7
141 4 -2 1 2 < 0.6 < 0.6
1 4 2 3 -1 7 7 3.6 8.9
1 4 4 9 -1 2 9 8.0 2.3
1 5 1 7 -2 8 3 4.9 2.1 3.1
1 5 5 3 -3 2 8 < 0.8 < 0.8
1 6 5 4 -1 3 7 7.0 < 0.8
1 7 1 2 -1 2 0 < 0.8 < 0.8
2053-201 14.4 13.6
205 8 -1 3 5
2 1 1 7 -2 6 9 5.0 1.0
2 134-281 < 0.5 < 0.5 0.8
2 3 1 7 -2 7 7 0.3 14.9 28.3
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Table 3.7: P T I system  param eters.
P a ra m eter Parkes T id b in b illa R em ark s
D ish  d ia m eter  (m) 64 70
Focal S y stem Newtonian Cassegrain
S y ste m  T em p eratu re  (°K) 51.3-55.5 19.3-23.0 T sys increases with 
zenith angle.
A p er tu re  efficiency (%) 47 ± 3 71 ±  2f Parkes 77, broad 
peak at z — 30°.
S /T  (Jy /K ) 1.82 ± 0 . 1 2 1 . 0 1  ±  0.03f Parkes S /T , broad 
m inim um  at z — 30°.
{ No detectable system atic variations with zenith angle within 
the errors quoted.
Table 3.8: 2.29 GHz P T I fluxes.
P K S  nam e Flux
(m Jy)
P K S  nam e F lu x
(m Jy)
0057-180 17.3 1258-229 143.6
0116-190 58.5 1324-300 8 . 6
0208-240 <4 1329-328 11.7
0326-288 15.6 1329-257 104.7
0344-345 45.5 1405-298 74.4
0349-278 8 . 6 1414-212 < 6
0424-268 <3 1423-177 9.6
0511-305 5.6 1553-328 1 2 0 . 2
0521-329 <4 1654-137 6 . 1
0533-120 141.4 1712-120 9.4
0545-199 27.8 2053-201 11.3
0600-131 <3 2117-269 7.1
0611-254 41.5 2134-281 <3
0614-349 50.5 2206-237 317.7
0634-205 1 0 . 1 2317-277 <2.5
0745-191 94.4
0806-103 24.5
1103-244 28.2
over a range of ±250 mHz corresponding to an angular offset of approxim ately
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± 3  arcm inutes perpendicular to the projected baseline. Most of the observed 
sources have fringe frequency offsets of <  5 mHz, corresponding to an angular 
offset of <  2 arcseconds (Slee et al. 1988).
3.5.4: Comparison of PTI and VLA core flux-densities.
Figure 3.9 shows a plot of P T I flux-desity at 2.29 GHz as a function of the 
VLA core flux-density at 5 GHz. Filled circles represent cores determ ined to have 
a flat spectrum  from the VLA data. Open circles have steep spectra. Sources 
denoted by asterisks have unknown core spectra. Arrows attached  to symbols 
represent 3cr upper limits. The two lines in figure 3.9 represent the loci of sources 
unresolved on both  baselines but with different spectral index. The solid line 
corresponds to sources with a  = 0 in which case the P T I flux-densities and VLA 
flux-densities are equal. The dashed line corresponds to sources w ith a = 0.7. 
Since none of the core sources in our sample are expected to have a spectral index 
m uch steeper than  0.7 we should not see any sources above the dashed line. This 
appears to  be the case within the errors.
The flat spectrum  sources tend to lie along the solid line in figure 3.9 indi­
cating th a t these sources are substantially unresolved w ith bo th  the VLA and 
the P T I. This is consistent with the picture of flat spectrum  cores being u ltra ­
com pact (<parsec scale) regions of optically thick radio emission. The steep 
spectrum  cores however, all lie on or below the dashed line indicating th a t they 
are substantially  resolved w ith the PTI. The P T I fringe spacing of 0.1 arcsecond 
and typical redshifts of 0.05 to 0.3 in our sample correspond to linear sizes of 0.1 
to 0.4 kpc. Hence the flat spectrum  cores are unresolved w ith linear sizes less 
th an  a few hundred parsecs.
In chapter 4 we examine the relationship between the radio core and the 
extended emission with reference to the observed spectral index of the radio core. 
We also examine some current theories relevant to radio cores. The theoretical 
discussion is continued in chapter 7 where we present a detailed model of parsec 
to kpc scale jets in the radio cores in our sample.
3.6: Dimensions.
Ekers and Miley (1977) discuss various problems with estim ating radio source 
dimensions. In particular they note tha t any measure of radio source size should 
possess the following desirable features:
(i) independant of relative resolution,
(ii) independant of relative sensitivity,
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Figure 3.9: Comparison of PTI flux-densities and VLA flux-densities for the 
"radio cores of a subset of sources in our sample. Filled circles represent flat 
spectrum cores, open circles are steep spectrum cores
3-37
(iii) independant of frequency,
(iv) can be used in the largest possible fraction of the data.
They also m ention a num ber of possible m ethods for estim ating source size. 
One m ethod commonly used for class II radio sources is the distance between 
the hotspots at the outer edge of the lobes. This m ethod satisfies the first three 
criteria  listed above, but cannot be used for the class I sources which comprise 
half of our sample.
Another m ethod is to determine some characteristic of the visibility function 
such as the spatial frequency for which the visibility function of the radio source 
first falls to 0.5. Alternatively, one could calculate the first m om ent of the source 
d istribution  function. These two measures have the advantage th a t they may be 
applied to partially resolved data. Ekers and Miley also note th a t a bad m easure 
of source size is the distance between outerm ost contours since this depends on 
receiver sensitivity and resolution.
We use a m ethod which is essentially a hybrid of the moment m ethod and the 
visibility function m ethod. The m ethod involves a m oment analysis of the clean 
components of the radio map and is presented in detail in appendix B. We use this 
m ethod for a num ber of reasons. Moment analysis is best for class I sources since 
unlike class II sources they generally don’t have a well defined edge. Moment 
analysis can still be applied to class II sources and it is desirable to use the same 
m ethod for all sources in the sample. Moment analysis is an objective m ethod 
of estim ating sizes which is consistent for the entire sample. Moreover, moment 
analysis is versatile. Moment analysis can yield lengths, w idths and position 
angles of radio sources. Higher moments of the brightness d istribution give flux- 
density ratios of radio lobes (a skewness param eter) and a central brightness 
param eter to be discussed later.
Use of the CLEAN algorithm  to deconvolve the dirty beam  from radio maps 
provides a natural m ethod to perform the moment analysis because the radio 
brightness distribution is modelled as a set of point sources convolved w ith the 
clean beam. These point sources are referred to as the “clean com ponents.” 
Schwarz (1978) has shown tha t the c l e a n  m ethod is equivalent to a least squares 
fit to the visibility data. Because of this, a m oment analysis is independant of 
resolution (provided the source is resolved). Schwarz (1979) advocates moment 
analysis of the d istribution of clean components to give the to ta l flux (zeroth 
m om ent), position (first moment) and angular size (second m om ent) of the source.
In a seperate paper Burn and Conway (1976) suggest a num ber of param eters 
derived from moments of a  one dimensional radio brightness d istribution. They 
go beyond the second moment to define a skewness param eter (th ird  m om ent)
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and a central brightness param eter (fourth moment). They suggest th a t the 
central brightness param eter may be useful in distinguishing between class I and 
class II radio sources—particularly  for poorly resolved sources.
In appendix B we generalise the param eters of Burn and Conway (1976) 
to two dimensions and incorporate Schwarz’ advocacy of clean com ponents to 
produce a two dimensional moment analysis of the clean components of our radio 
sources. Each clean component possesses a flux-density and position vector on 
the sky. The zero point for the position vector is the phase reference for the map. 
The sum  of flux-densities in the clean components yields the to ta l (cleaned) flux- 
density in the source. In cases of overresolution this may differ from the actual 
flux-density of the source. The first moment of the clean components norm alised 
by the  to ta l flux-density is a vector representing the centroid of the radio source 
w ith respect to the m ap phase centre. Before continuing to calculate higher 
m om ents the coordinates are translated  so tha t the origin (or phase reference) 
lies on the centroid of the radio source. If this step is not carried out then, in 
general, the resulting param eters derived from higher moments will be biased.
The second moment yields (in the two dimensional case) a 2 x 2 m atrix . This 
m atrix  is a two dimensional analogue of the moment of inertia  tensor used in 
mechanics to describe the mass d istribution of an extended body ( e.g. Goldstein 
1980 p l98 ). The eigenvectors of this m atrix  correspond to the principle axes 
of the brightness distribution. The corresponding eigenvalues are related to the 
length param eter, R i ,  and w idth param eter, R 2 , defined in the appendix. The 
eigenvectors are used to derive the position-angle of the radio source.
The eigenvectors are also essential to deriving higher order m om ents for the 
radio source. In general the n -th  moment of the d istribution is a sym m etric 
tensor of rank n. To gain any physical insight from these moments the tensors 
m ust be contracted onto a given vector. Contracting the m om ent tensors onto 
the eigenvectors of the brightness distribution yields the corresponding m om ents 
along the principle axes of the radio source. An example of this process for a 
simple brightness d istribution is given in appendix B.
3.6.1: P rac tica l aspects of the  m om ent analysis.
The standard  outpu t from AIPS CLEAN programmes is a list of a great many 
redundant clean components, this is the result of the small gain factor used in 
cleaning (typically the gain is 0.1). For all sources, the clean com ponents are 
sorted and those which are spatially coincident are added. This greatly speeds 
up com putation of the moments.
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The m om ent analysis is sensitive to outlying points and to the presence of 
confusing sources. To avoid this, a window is defined around each source and 
clean com ponents lying outside this window are discarded.
We find a few cases where the second m oment of the d istribution is negative 
im plying an im aginary source size. This is a feature of the clean algorithm  for 
point sources. Given th a t the clean algorithm  is equivalent to a least-squares fit 
of the uv d a ta  (Schwarz 1978) it may be expected th a t the second derivative of 
the fit a t the origin of the uv plane is equally d istributed  about zero. Since the 
second derivative at the uv plane origin is related to the second m om ent of the 
brightness d istribution  (Bracewell 1965, p l40) it is to be expected th a t some of 
the point sources in our sample yield a negative second moment.
3.6.2: Results of the moment analysis.
The results of the moment analysis for our sample are shown in tables 3.9a 
and 3.9b.
The d a ta  in table 3.9a is presented as follows:
C o lu m n  1: lists the PKS designation of the source.
C o lu m n  2: lists the to ta l num ber of clean components used in the m om ent 
analysis. The clean components have been concatenated. Only 
clean components to the first negative component (after concate­
nation) are used.
C o lu m n  3: lists the flux-density present in all clean com ponents for the 
source.
C o lu m n  4: lists the flux-density present in the clean com ponents used in the 
m oment analysis.
C o lu m n  5: lists the length along the m ajor axis of the radio source. For 
a gaussian distribution, this param eter is equivalent to 2a for the 
distribution. For the class II sources where the bridge emission is 
faint compared to the hotspots, this param eter is approxim ately 
equal to the distance between the hotspots.
C o lu m n  6: lists i?2 , the w idth param eter for the source. For a gaussian dis­
tribution , this param eter is equivalent to 2a. It is also essentially 
an average w idth along the length of the source.
C o lu m n  7: lists the position angle of the m ajor axis of the source. This is 
derived from the eigenvector of the second m om ent m atrix  cor­
responding to the m ajor principle axis of the source distribution.
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Table 3.9a: Moment analysis parameters (1.4GHz).
P K S
nam e
N o .
C pts
T otal
F lu x
C pt
Flux
R 1
(asec)
R 2
(asec)
p . a . T 1 C l
0057-180 6 1.12 1.11 3.2 1.8 301.9 - 0.53 4.50
0108-142 1503 1.08 1.06 42.7 14.2 80.93 - 0.16 1.72
0114-211 9 3.74 3.88 1.9 0.66 81.2 - 0.33 3.62
0115-261 46 0.82 0.81 7.1 2.4 277.5 - 0.047 1.61
0116-190 53 1.11 0.79 13.9 5.0 7.2 0.37 15.42
0208-240 14 0.75 0.79 49.1 9.5 291.7 - 0.39 1.60
0247-207 377 0.26 0.25 130.4 10.6 32.7 - 0.21 1.34
0307-305 2023 1.03 1.01 80.1 24.6 276.3 0.31 1.52
0326-288 66 1.26 1.26 12.6 2.7 5.5 - 1.51 3.61
0344-345 229 3.09 2.35 188.4 43.5 286.7 0.38 1.75
0349-278 151 5.03 4.70 219.3 30.0 52.2 - 0.71 2.20
0424-268 7 1.08 1.09 13.3 4.6 285.7 - 0.18 3.28
0434-225 2859 1.10 1.09 79.4 29.8 306.3 - 0.23 1.80
0453-206 215 3.58 3.58 12.6 6.2 307.9 - 0.30 2.01
0456-301 2551 2.33 1.94 88.6 65.0 12.5 0.11 2.72
0521-329 699 0.96 0.88 36.9 8.7 319.1 - 0.016 1.59
0523-327 1189 1.12 0.91 145.6 23.4 339.9 - 0.25 1.46
0533-120 729 1.26 1.25 24.0 15.0 302.9 - 0.0062 2.73
0545-199 174 0.79 0.77 38.9 14.0 342.1 0.31 1.97
0600-131 572 1.20 1.20 29.7 11.2 54.1 - 0.44 2.25
0611-254 375 0.92 0.90 35.4 10.5 345.3 0.13 1.57
0614-349 3 2.70 2.75 1.8 0.9 2.4 - 2.62 7.86
0634-205 360 7.13 5.64 642.8 27.6 357.9 0.14 1.33
0719-119 569 1.49 1.46 51.8 30.7 304.3 - 0.0095 1.89
0745-191 5 2.10 2.01 2.8 1.9 341.8 0.73 1.91
0806-103 128 3.72 3.46 88.6 8.7 18.8 0.54 1.71
1053-282 442 1.41 1.41 21.2 7.0 21.3 0.021 1.94
1103-244 92 0.51 0.51 102.6 8.1 347.2 0.17 7.06
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Table 3.9a cont: Moment analysis parameters (1.4GHz).
PK S
nam e
No.
C pts
Total
Flux
C pt
Flux
R1
(asec)
R2
(asec)
p.a. T1 C l
1254-300 884 1.09 1.07 29.4 13.1 329.1 0.24 1.79
1258-229 20 0.70 0.71 6.2 2.6 83.3 -0.40 2.30
1323-271 1280 0.68 0.67 122.5 40.1 61.4 -0.64 1.50
1324-300 95 0.96 0.83 105.1 11.0 296.1 -0.33 1.20
1329-257 147 1.34 1.30 35.1 13.0 285.4 0.15 1.62
1329-328 384 0.86 0.62 44.1 11.7 354.6 -0.57 2.37
1405-298 37 0.78 0.74 135.8 14.1 64.9 -2.65 8.21
1414-212 634 1.01 0.99 94.7 21.4 16.9 -0.42 2.04
1417-192 561 1.17 1.17 38.9 8.1 12.2 1.37 3.67
1423-177 522 1.13 0.76 34.1 13.3 285.4 -1.22 2.96
1449-129 92 1.31 1.16 170.7 8.6 77.8 -0.38 1.23
1517-283 129 0.56 0.46 42.9 11.2 306.7 0.052 1.59
1553-328 29 0.95 0.37 32.0 8.3 27.2 0.085 6.27
1654-137 302 1.19 0.63 84.9 8.6 302.6 0.0050 1.19
1712-120 196 0.69 0.43 144.1 33.1 64.9 -0.25 2.73
2013-308 81 0.32 0.22 146.9 90.8 26.1 -1.90 6.62
2030-230 397 1.74 1.55 46.6 10.8 47.6 0.94 2.21
2040-267 5429 2.35 2.34 206.3 45.7 340.4 -0.21 1.60
2053-201 138 2.15 2.18 27.7 8.0 46.6 0.033 1.14
2058-135 178 0.85 0.30 254.0 46.0 284.5 -0.52 1.50
2058-282 5629 5.44 5.44 163.0 50.9 338.9 0.14 1.40
2117-269 166 0.94 0.92 21.2 4.7 342.9 0.11 1.93
2134-281 596 0.90 0.90 31.4 11.2 352.1 0.33 2.97
2206-237 3 1.94 2.00 2.7 0.67 39.21 2.07 5.41
2211-172 1504 6.33 6.04 86.1 15.5 350.0 0.077 1.25
2225-308 316 0.71 0.68 87.6 8.8 325.2 -0.43 1.78
2236-176 1041 0.97 0.92 92.7 32.8 73.5 -0.16 1.39
2317-277 150 0.48 0.48 114.7 13.6 353.2 -2.34 7.73
2322-123 22 1.67 1.65 3.2 1.8 31.2 -0.34 1.89
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The position angle is in the sense of a vector pointing from the 
brighter lobe to the fainter lobe.
C olu m n  8: lists a skewness coefficient, Ti, for the source. This is derived by 
contracting the th ird  moment tensor for the source d istribution 
onto the m ajor axis. It represents the ratio  of the brightness of 
the two radio lobes.
C olu m n  9: lists a central brightness coefficient, C\.  This is derived by con­
tracting the fourth moment tensor onto the m ajor axis. It rep­
resents the prominence of the central part of the source w ith re­
spect to the lobes. Radio sources with bright lobes are expected 
to have a low value of C\.
Table 3.9b presents linear sizes (in kiloparsecs) for the radio sources. These 
are derived from Ri  and R 2 listed in table 3.9a.
Figure 3.10 illustrates the insensitivity of the m oment analysis technique to 
resolution effects. We carried out a moment analysis on the full resolution 5 GHz 
data, and on 5 GHz da ta  which has had a gaussian taper applied in the uv plane. 
The tapered  5 GHz da ta  has the same resolution as the 1.4 GHz data. P lo tted  in 
Figure 3.10 are the resulting lengths (Rh), w idths ( R 2 ), to ta l fluxes and position 
angles for the two sets of data. There is excellent agreement.
In figure 3.11 we compare the results of the moment analysis for 1.4 GHz 
d a ta  and (full resolution) 5 GHz data. Only the length param ater and the w idth 
param eter are shown. The position angles for the two sets of d a ta  are in excellent 
agreem ent. Different symbols are used for different radio morphologies. Open 
circles represent class II radio sources, filled circles represent class I radio sources 
and crosses represent unresolved sources.
It is evident th a t there is considerably more scatter between the length and 
w idth param eters for da ta  at the two frequencies. This is probably due to  spec­
tra l index variations w ithin the sources. There is very little scatter in the length 
param eters for the class II sources (open circles). The length param eter is dom ­
inated by the hotspots at the ends of the radio jets. Emission interior to  the 
hotspots does not greatly affect the length param eter. This is further illustrated  
in figure 3.12a which plots the length param eter as a function of the distance 
between the hotspots for 11 unambiguous class II sources. The dotted  line cor­
responds to a line of best fit which lies very close to a line w ith unit slope. The 
effect of emission interior to the hotspots leads to an underestim ate of the length 
of the source by typically 6%.
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Table 3.9b: Moment analysis spatial dimensions.
P ark es
nam e
L en gth
(kpc)
W id th
(kpc)
Parkes
nam e
L en gth
(kpc)
W id th
(kpc)
0 0 5 7 -1 8 0 6.09 3.51 1254-300 23.05 10.26
0 1 0 8 -1 4 2 32.17 10.65 1258-229 11.64 4.82
0 1 1 4 -2 1 1 2.06 0.72 1323-271 77.09 25.23
0 1 1 5 -2 6 1 5.52 1.86 1324-300 305.20 31.91
0 1 1 6 -1 9 0 56.64 20.25 1329-257 99.00 36.60
0 2 0 8 -2 4 0 164.99 31.77 1329-328 30.90 8.19
0 2 4 7 -2 0 7 164.88 13.36 1405-298 167.77 17.39
0 3 0 7 -3 0 5 78.57 24.08 1414-212 148.63 33.57
0 3 2 6 -2 8 8 19.89 4.19 1417-192 67.49 14.09
0 3 4 4 -3 4 5 147.31 33.99 1423-177 53.06 20.65
0 3 4 9 -2 7 8 210.36 28.74 1449-129 173.67 8.70
0 4 2 4 -2 6 8 17.51 6.00 1517-283 76.69 20.05
0 4 3 4 -2 2 5 79.42 29.82 1553-328 30.30 7.82
0 4 5 3 -2 0 6 6.48 3.20 1654-137 124.75 12.59
045 6 -3 0 1 168.97 123.91 1712-120 121.26 27.87
0 5 2 1 -3 2 9 112.93 26.64 2013-308 189.59 117.16
0 5 2 3 -3 2 7 160.40 25.73 2030-230 89.37 20.78
0 5 3 3 -1 2 0 54.93 34.24 2040-267 113.94 25.25
0 5 4 5 -1 9 9 29.98 10.69 2053-201 62.89 18.17
060 0 -1 3 1 64.57 24.28 2058-135 169.08 30.62
0 6 1 1 -2 5 4 68.12 20.17 2058-282 91.21 28.47
0 6 1 4 -3 4 9 8.70 4.31 2117-269 31.93 7.07
0 6 3 4 -2 0 5 517.58 22.19 2134-281 32.48 11.63
0 7 1 9 -1 1 9 68.23 40.45 2206-237 3.41 0.83
0 745-191 5.25 3.55 2211-172 191.69 34.46
0 8 0 6 -1 0 3 170.71 16.74 2225-308 69.86 6.98
1053-282 18.31 6.03 2236-176 100.38 35.49
110 3 -2 4 4 349.69 27.52 2317-277 290.74 34.37
2322-123 3.85 2.16
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F ig u re  3 .10: Comparison of moment analysis param eters for 5 GHz d a ta  and 
5 GHz tapered  data. Illustrating the insensitivity of the m om ent analysis tech­
nique to relative resolution.
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Length p a r a m e t e r  (a rc sec )
20cm  data
F igu re 3 .11a: Comparison of moment analysis lengths for 1.4 GHz d a ta  and 
5 GHz data. Scatter is mainly due to spectral effects. See the text for details.
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F igu re 3 .11b: Comparison of moment analysis w idths for 1.4 GHz da ta  and 
5 GHz data.
3-46
oo
1000
H otspot d ista n c e  (asec)
F igu re 3 .12a: Comparison of moment analysis lengths at 1.4 GHz w ith distance 
between hotspots for class II sources.
O
Slice w idth  (a sec)
F igu re 3 .12b : Comparison of moment analysis w idths at 1.4 GHz w ith widths 
derived from slices across class II radio sources.
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The class I sources in figure 3.11a show considerably more scatter than  do 
the class II sources. Furtherm ore, the lengths of the class I sources at 5 GHz are 
typically less th an  the lengths at 1.4 GHz. This is likely to be due to spectral 
index gradients in the ageing plasma. As the plasm a evolves along the radio 
source, the spectral index steepens resulting in a steeper evolution of surface 
brightness a t 5 GHz than  at 1.4 GHz. Since the length param eter is essentially 
related to a full-w idth at half-maximum measure, the 5 GHz length will be lower 
than  the 1.4 GHz length.
Figure 3.11b also shows considerable scatter between the w idth param eters 
calculated at the two frequencies. This is also likely to be due to spectral index 
gradients in the emission. The scatter is not due to intrinsic errors in the w idth 
m easurem ent as evidenced by the tight correlation for the w idth m easurem ents in 
figure 3.12. For a num ber of class II sources we determ ined the w idth of the radio 
source by taking a one dimensional slice across the source half way between the 
hotspot and the core.The width param eter was calculated from the full-width at 
half-m axim um  of the slice with the beam width deconvolved (assum ing a gaussian 
slice and a gaussian beam). These slice widths are p lotted in figure 3.12b as a 
function of the mom ent width. The agreement is very good. This fu rther supports 
the assertion th a t the scatter in figure 3.11b is due to spectral index gradients.
Finally, note th a t the moment w idth is essentially an average along the 
length of the radio source. Hence, to produce the observed scatter, the spectral 
gradients do not have to run  perpendicular to the radio source axis. Spectral 
index gradients along the source axis can produce the scatter. Indeed this is the 
likely cause as our spectral index maps show little or no spectral index gradients 
across the sources.
In conclusion, we note tha t this m ethod of moment analysis of the clean com­
ponents of a radio source yields a useful param eterisation of the radio source. The 
param eters derived from the moment analysis are insensitive to the relative reso­
lution of the data. This satisfies criterion (i) of Ekers and Miley (1977). Criterion 
(ii) is largely satisfied because the param eters are related to the m om ents of the 
brightness d istribution. There is the necessity of isolating the d istribution  within 
a box to elim inate confusing sources, but since this box is generally well away 
from the m ain source, the truncation does not significantly affect the results. Our 
m ethod does not satisfy criterion (iii) in the presence of spectral index gradients. 
The extent to which this is not satisfied depends on the morphological class of 
the source and affects differently the length or the w idth of the source. We note 
th a t it is difficult to conceive of a m ethod of estim ating radio source dimensions 
which is not affected by spectral index gradients. One m ethod is m easuring the 
distance between hotspots in class II sources, but we have already shown th a t in
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F igu re 3 .13: Com parison of the central brightness param eter, C i, for class I 
sources (top histogram ), class I/II sources (central histogram ) and class II sources 
(bottom  histogram ). There is considerable overlap indicating this param eter is 
not a suitable discrim inant of morphological class.
3-49
this case, our m ethod largely satisfies criterion (iii) anyway. Finally, it is evident 
th a t our m ethod satisfies criterion (iv) in th a t it is applicable to all sources in 
our sample. Furtherm ore, the m ethod is completely objective.
3.6.3: Central brightness param eter and morphology.
Burn and Conway (1976) suggest tha t the central brightness param eter, C\ 
may be used as a discrim inant of morphological class. This may be especially 
useful for poorly resolved radio sources. Figure 3.13 shows frequency histogram s 
of Ci for class I, class I /I I  and class II radio sources. Ci is essentially a m easure of 
the prominence of the centre of the distribution w ith respect to the outer parts  of 
the distribution. Two point sources of equal strength  correspond to the lim iting 
value of Ci =  1 (Burn and Conway 1976). Any real distribution gives a value for 
Ci which is greater than  unity.
It can be seen in figure 3.13 th a t the class II sources are m ostly d istribu ted  
around small values for Ci due to their edge-brightened morphology. Conversely 
the d istribution of Ci for the edge-darkened class I sources is not peaked toward 
a value of unity. There is however, considerable overlap between the two d istri­
butions so C] cannot be considered to be a good discrim inator between class I 
and class II radio sources.
It may be true th a t excising the radio core from the d a ta  before carrying out 
the m oment analysis will yield a better seperation between class I and class II 
sources. But such a procedure is difficult for poorly resolved sources and would 
considerably detract from the usefulness and generality of the m om ent analysis.
3.7: Minimum energy density.
We wish to determ ine the energy densities and m agnetic fields in the lobes 
of as many radio sources in our sample as possible. A standard  m ethod to  do 
this is to estim ate the synchrotron emissivity in the radio source from the surface 
brightness and an estim ate of the depth along the line-of-sight through the radio 
source. We assume here a cylindrical geometry with the line-of-sight dep th  being 
equal to the w idth of the radio source. Given the emissivity we assum e the 
to ta l energy density in the radio plasm a to be a minimum. This approxim ately 
corresponds to equipartition of the energy between m atte r and the m agnetic 
field. In this section we briefly outline the derivation of an expression relating 
the minimum to tal energy density, Umin, and the m inim um  energy m agnetic 
field, B min^ : to the synchrotron emissivity, e„. The results for radio sources in 
our sample are then presented and discussed.
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Consider synchrotron radiation from an ensemble of electrons w ith a num ber 
density distribution function:
where N ( E ) d E  is the num ber of electrons per unit volume w ith energy in the 
range E  to E  -f- d E , and a is the power-law index for the d istribution. From 
Pacholczyk (1970) we have the synchrotron emissivity for this ensemble:
where B\  sin#| is the magnetic field strength perpendicular to the line of sight, v 
is the radiation frequency and c\ and C5 (a) are tabu lated  in Pacholczyk.
The energy density for this ensemble is:
where E\  and E 2 are appropriate cutoff energies for the electron distribution. 
Assuming th a t all radiation from each electron is em itted at i t ’s critical frequency, 
equation (3.3) becomes:
and v \ , v<i are the critical frequencies corresponding to the energy lim its E\  and 
E 2 respectively.
Combining equations (3.2) and (3.4) to  eliminate N 0 yields an expression 
for the synchrotoron emissivity at frequency v in term s of the electron energy 
density and the line of sight magnetic field strength:
N ( E ) d E  = N 0E ~ a dE (3.1)
(3.2)
(3-3)
(3.4)
where:
(3.5)
Now consider the to ta l energy density in the radio plasm a as:
IHotal  =  (1 + k ) [ i e + /iß, (3.6)
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where k is the ratio  of the energy density in relativistic protons and therm al 
m a tte r to  th a t in relativistic electrons. The energy density in the m agnetic field 
is /iß . S ubstitu ting  (3.5) into (3.6) yields:
A V „(1 +  2
f"toalI sinö |3/2 +  8 ’
where:
3 /  V \(o - l) /2
"  “  CK2c~J
and (f> is the filling factor for the magnetic field.
The m inim um  energy magnetic field, B m i nß  is the m agnetic field for which 
/i t o t a l  is a m inim um  (with respect to B ):
2 / 7
(3.8)
The corresponding m inim um  energy density, fim in  is:
Mmin = ( 4 /3  +  < A ) % ^ .  (3.9)
o7r
Note th a t equations (3.8) and (3.9) (with <f) =  1) are the m onochrom atic equiva­
lent of the equations given by Perley, Willis and Scott (1979). Assuming cylindri­
cal geom etry w ith a uniform distribution of m atter w ithin the radio source gives 
eu =  / „ / 5 , where Iv is the radio source surface brightness and s is the line-of-sight 
depth  th rough the source. For all quantites in c.g.s units, assum ing V\ =  107 Hz, 
v2 =  1010 Hz and the radio spectral index a =  0.7, K v =  1.7474 x 1012^0-7.
M inim um  energies calculated for the lobes in our sample are presented in 
table 3.10. We make the standard  assum ptions in the literature: <f> =  1, | sin0 | =  
1, k =  1 and the radio spectral index a =  0.7. The radio source w idths used are 
those listed in table 3.9b.
' m i n ß 67rK vev (1 +  fc)sin 0\3/2
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Table 3.10: Surface brightness and lobe m inim um  energies.
P K S
nam e
W id th
(k pc )
Peak
S .B .
( J y / b )
E ast lobe W est lo b e
S .B .
( J y / b )
E m i n
(e rg / cm3)
x l O -12
S .B .
( J y / b )
E m i n
(e rg / cm 3)
x l O -12
0 0 5 7 -1 8 0 3.52 1.190
010 8 -1 4 2 10.65 0.033 0.018 15.70 0.009 10.80
0 1 1 4 -2 1 1 0.72 3.321
0 115-261 1.87 0.239 0.156 116.30
0 1 1 6 -1 9 0 20.25 0.325
0 2 0 8 -2 4 0 31.78 0.243 0.040 2.66 0.076 3.87
0 2 4 7 -2 0 7 13.37 0.007 0.007 6.61 0.006 6.56
0 3 0 7 -3 0 5 24.09 0.067 0.003 2.53 0.002 2.13
0 3 2 6 -2 8 8 4.19 0.747
0 3 4 4 -3 4 5 33.99 0.276 0.187 19.75 0.234 22.46
0 3 4 9 -2 7 8 28.75 0.918 0.210 2.51 0.479 4.02
0 4 2 4 -2 6 8 6.01 0.881
0 4 3 4 -2 2 5 29.83 0.025 0.064 14.20 0.055 13.02
0 4 5 3 -2 0 6 3.20 0.338 0.257 112.71 0.320 127.64
0456 -3 0 1 123.91 0.023
0 5 2 1 -3 2 9 26.64 0.047 0.046 7.69 0.042 7.35
0 5 2 3 -3 2 7 25.74 0.033 0.005 2.42 0.031 6.91
0 5 3 3 -1 2 0 34.25 0.224 0.013 5.97 0.011 5.42
0 5 4 5 -1 9 9 10.70 0.102 0.061 7.53 0.059 7.40
0 6 00-131 24.28 0.038 0.036 12.84 0.017 8.45
0 6 1 1 -2 5 4 20.18 0.088 0.020 8.15 0.036 11.43
0 6 1 4 -3 4 9 4.31 2.650
0 6 3 4 -2 0 5 22.19 1.539 0.092 20.12 0.226 33.58
0 7 1 9 -1 1 9 40.46 0.061 0.061 5.62 0.055 5.31
0 745-191 3.56 1.733
0 8 0 6 -1 0 3 16.74 0.672 0.142 18.01 0.00
1 0 53-282 6.04 0.135 0.072 28.16 0.101 34.28
1 103-244 27.53 0.174 0.065 14.76
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Table 3.10: Surface brightness and lobe m inim um  energies.
P K S
nam e
W id th
(k p c )
Peak
S .B .
(J y / t>)
E ast lobe W est lo b e
S .B .
( J y / b )
Emin
(erg /cm 3)
x l O -12
S .B .
(J y / b )
E mjn
(erg /cm 3)
x l O -12
1254-300 10.27 0.028 0.029 15.30 0.031 16.06
1258-229 4.83 0.315
1323-271 25.24 0.001 0.001 1.45 0.008 4.77
1324-300 31.91 0.338 0.016 0.76 0.030 1.11
1329-257 36.61 0.106 0.021 1.18
1329-328 8.20 0.036 0.036 15.75 0.035 15.60
1405-298 17.39 0.504 0.500 9.43 0.069 3.03
1414-212 33.58 0.060 0.035 2.20 0.026 1.84
1417-192 14.09 0.157 0.014 10.09 0.015 10.51
1423-177 20.66 0.050 0.007 5.42 0.022 10.76
1449-129 8.70 0.335 0.039 6.70 0.041 6.90
1517-283 20.06 0.053 0.019 9.01 0.017 8.51
1553-328 7.83 0.279 0.069 5.44 0.046 4.31
1654-137 12.59 0.048 0.006 7.35 0.008 8.63
1712-120 27.87 0.119 0.010 1.19 0.011 1.28
2013-308 117.17 0.046
2030-230 20.78 0.192 0.056 12.01 0.191 24.21
2040-267 25.26 0.061 0.009 3.35 0.008 3.10
2053-201 18.18 0.319 0.126 22.42 0.041 11.73
2058-135 30.63 0.016 0.005 0.013
2058-282 28.48 0.040 0.011 3.41 0.016 4.32
2117-269 7.08 0.085 0.048 18.25 0.038 16.10
2134-281 11.63 0.053 0.053 13.04 0.034 10.06
2206-237 0.84 1.910
2211-172 34.47 0.133 0.099 13.68 0.059 10.17
2225-308 6.99 0.139 0.075 16.80
2236-176 35.49 0.022 0.021 5.70 0.020 5.48
2317-277 34.37 0.247 0.150 5.41 0.046 2.75
2322-123 2.16
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Chapter 4:
Derived radio quantities.
4.1: Introduction.
In the previous chapter we discussed the collection and reduction of the 
radio d a ta  and presented the results. Little discussion of their significance or 
interrelation was presented. We remedy this situation in the present chapter. 
This chapter naturally  falls into two parts. The first half (sections 4.2 and 4.3) 
presents models of spectral aging and energy budgets in several selected radio 
sources in our sample. These sources are selected for detailed analysis because 
they are well resolved and the spectral index maps we have are of reasonably 
high quality. The aim of the first half of this chapter is to  infer the values of 
physical param eters (such as the energy flux in the jets) which are not directly 
observable. They m ust be inferred from the radio observations via the use of 
physical theory. In general this can only be accomplished w ith well resolved 
sources w ithin our sample. Section 4.2 presents velocity and age determ inations 
using a hydrodynam ic model for the evolution of synchrotron surface brightness 
and spectral index in an adiabatic flow. Section 4.3 presents a rigourous m ethod 
for estim ating the energy budget in the lobes of class II radio sources. The energy 
budgets of our selected sources are examined using results of section 4.2 and of 
chapter 3. We find in general th a t the synchrotron luminosity in these class II 
sources accounts for only a few percent of the to ta l energy budget of the source.
The second half of this chapter (sections 4.4 and 4.5) is statistical in nature 
and addresses correlations between radio source core properties and the large scale 
radio emission. Some interesting relations are found which shed light on radio 
source orientation and parsec scale radio jets. We find strong evidence th a t the 
linear size of the radio sources in our sample are determ ined prim arily by intrinsic
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an d /o r environm ental effects w ith only a minor role played by projection. We 
also find a strong relation between the linear size of the radio source and the 
spectral index of the radio core which suggests th a t interactions between the jet 
and the interstellar medium w ithin the VLA cores of our sources determ ine the 
size of the radio source. These effects are modelled theoretically in chapter 7.
4.2: Plasma aging and lobe velocities.
One of the main aims of this chapter is to examine the energy budget of a 
num ber of well resolved radio sources and determ ine what fraction of the energy 
budget of these sources goes into the radio luminosity of the source. Im portant 
param eters for the energy budget is the expansion velocity of the source and the 
kinetic energy w ithin the lobes. We also need to know the age of the source. In 
this section we analyse the steepening of the spectral index in selected parts of 
the radio sources to gain estim ates for flow velocities and a lower limit on the 
radio source age.
Spectral index steepening in an aging synchrotron plasm a has been studied 
from a theoretical point of view by a num ber of authors begining w ith Kardashev 
(1962) and Jaffe and Perola (1973). Coleman and Bicknell (1986, 1988) and 
Bicknell (1986) examine this problem in the context of recent understanding 
of m agneto-hydrodynam ical flows in radio sources, particularly in the jets of 
class I radio sources. Myers and Spangler (1985) and Alexander and Leahy (1987) 
have analysed spectral index steepening in samples of class II radio sources to 
determ ine their ages and velocities.
Although the theory of cooling of synchrotron em itting plasm a is well es­
tablished i t ’s application to real-life radio sources is not straightforw ard. The 
evolution of an electron energy distribution in a synchrotron (and inverse Comp­
ton) em itting plasm a is dependent on the local relativistic electron density and 
magnetic field, as well as on the initial electron energy spectrum . Hence infer­
ence of an age from spectral index variations in a radio source requires detailed 
knowledge of the plasm a flow. In the following analysis we use a model of spectral 
aging involving only radiative and adiabatic losses. We do not allow for any in 
situ reacceleration of the relativistic electrons which may occur in shocks or in 
turbulent flow ( e.g. Bicknell and Melrose 1982). Current theories suggest tha t 
adiabatic flow is a more reasonable assum ption w ithin the lobes of class II ra­
dio sources than  in the je ts of class I radio sources (Eilek and Shore 1989). In 
addition to the assum ption of adiabatic flow, we assume a m inim um  energy mag­
netic field (e.g. chapter 3). This assum ption is justifiable because of the shallow 
minimum of the energy w ith respect to the magnetic field strength. Even if the
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energy is far from i t ’s minimum value, the magnetic field strength  is still close to 
equipartition .
The sources we have chosen to model in this section represent a small subset 
of the sources in our sample. Necessary conditions for modelling require tha t the 
source be well resolved at 1.4 GHz, yet not overresolved at 5 GHz. We generally 
avoid this by using scaled arrays for our spectral index data. Furtherm ore the 
source should represent a “classical” morphology to facilitate in terpretation  of 
the results w ithin the framework of current theories of class I and class II radio 
sources. U nfortunately a num ber of well resolved sources in our sample (such 
as PKS 0511-305, PKS 0634-208, PKS 0108-243) are overresolved in both  the 
1.4 GHz d a ta  and the 5 GHz data. These are fine candidates for detailed study 
using full synthesis da ta  from m ultiple array configurations.
A ltogether we have chosen to model ten sources in our sample. In section 
4.2.1 we present an overview of the theory of synchrotron aging and i t ’s applica­
tion to radio sources. Section 4.2.2 presents the results and a detailed discussion 
for each source.
4.2.1: Theoretical summary.
We present here a brief outline of the theory of spectral aging necessary to 
appreciate the results derived from our observations. The following treatm ent is 
sum m arised from  Cameron (1988). It is im portant to note th a t this treatm ent 
ignores particle acceleration beyond the point where the initial population of 
relativistic electrons is created. Turbulent flow provides a likely mechanism for 
particle acceleration (Bicknell and Melrose 1982). The absence of any large scale 
turbulence in the lobes of class II radio sources justifies, to some extent, the case 
for no reacceleration in the flow. The case for no reacceleration is less valid in 
the je ts  of class I sources where large scale turbulence is im portan t ( e.g. Bicknell 
1984, 1986b).
Consider the distribution of electron energies in a population of relativistic 
electrons. Synchrotron and inverse com pton emission cause the electrons to ra­
diate  energy at a ra te  proportional to their energy. The effect is of a high energy 
cutoff in the electron energy spectrum  propogating downward in energy w ith time 
(e.g. Coleman and Bicknell 1985, 1988).
For an initially power-law electron energy distribution, N (E ,  t — 0) w ith low 
energy cutoff E q and initial power-law index —a, the distribution at some later 
tim e t is:
M E  t) =  /  N0n'(‘ +V/3( E / E 0)-°(1  -  E  < r " 1 (4 ^
\ o  E > t ~ 1
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where the param eter r  is related to time by:
r(t )  = n'(t)  ly/3 f  ß ( B 2(t') 4- B 2I C) n ' dt'  (4-2)
Jo
n'(t)  is the time dependent electron num ber density (normalised by the initial 
num ber density), B  is the magnetic field strength and B i c  is the inverse compton 
equivalent magnetic field strength. The constant ß  is related to the classical 
electron radius r e by:
4 r 2
ß = h - .9 m 2 c3
Note th a t for constant B  and electron density, r  is linearly proportional to time.
From this expression for the electron energy distribution, standard  tech­
niques (e.g. Pacholczyck 1970) are used to derive the radio source surface bright­
ness and spectral index as a function of time:
I v = 2irac3n'<-a+2'>/3N o E S B (-a+1)/ 2 ( y ß ~ a},2J ( a :X )  (4.3)
“  =  ( a - 1 ) / 2  + -------------log , 2 -  lo g , ,-------------
where tim e dependence is contained in the radiative cooling term  J ( a , X ) dis­
cussed in Cameron (1988) or Meyers and Spangler (1985). The constant C3 is 
defined by Pacholczyk (1970) and a is the line of sight depth through the source. 
For our purposes we assume cylindrical geometry w ith a equal to the full-width 
at half-maximum of the lobe or jet.
The param eter X * / 2 is related to time via the definition:
X  =
CiB  sin#
(4.5)
Graphs of I v and a  as a function of X 1/ 2 are presented in Meyers and Spangler 
(1985).
The appearance of the particle density and the magnetic field strength in 
equations (4.2) and (4.5) means th a t the derivation of plasm a ages from spectral 
index variations contains an implicit dependence of spectral index on density and 
magnetic field variations in the flow. We m ust therefore make some assumptions 
about the variation of these quantities and their relation to o ther observables. In 
the following analysis we assume th a t the magnetic field strength  B  is equal to 
the minimum energy value derived from the lobe surface brightness and w idth
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Table 4.1: Age analysis parameters and their normalisation.
P aram eter S ym b ol N o rm alisa tion C om m en ts
Surface brightness I'u h/0
FW HM g ' ctq
Spectral index 
Cooling factor
a
J ( a , X ) Jo
Age param eter 
Magnetic field
X 1/ 2
B B i c Inverse Com pton B field.
Normalised density n' n 0 Derived from normalised
Distance along lobe s' si =  1 kpc
quantities.
Normalised by arb itrary  scale.
Velocity v' V \ ui =  ß B 3/ c  s \ v l / 2 (c\ sin# )-1 / 2
(using equation 3.8). We estim ate the run of normalised electron density n' using 
equation (4.3) for the surface brightness:
n / ( a + 2 ) / 3 £ / ( a + l ) / 2  _  1 "
a' J '
(4.6)
where we have adopted the convention th a t prim ed quantites are normalised by 
their initial values.
Differentiating equation (4.2) and substitu ting in equation (4.5) yields the 
plasm a velocity at any point in the flow (lobe or jet):
v i (1 + B 2) r d
B ' / i . X 1/ 2 U s'
In (n n l 3 B ' l 2X l l2) (4.7)
Here the length param eter (s' = s / s i)  is normalised by some suitable length scale 
si and the velocity (v '  =  v / v \ )  is normalised by:
v\ =  ß B \ ^ s \ v x^ ( c \  s'mß) 1/ 2. (4.8)
The magnetic field is normalised by the inverse Com pton equivalent magnetic 
field so th a t B =  B / B j c • The inverse Com pton equivalent magnetic field is 
B jc  =  3.2(1 +  z 2) f.iG (de Young 1976). Since we use a variety of normalisations, 
we summarise all the normalised param eters in table 4.1. Equation (4.7) is the 
basis for our m ethod of determ ining lobe and jet velocities from maps of spectral 
index and radio surface brightness. The m ethod and results are discussed in the 
next section.
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Note tha t this m ethod for analysing spectral aging is substantially different 
from the m ethods applied by Alexander and Leahy (1987) and Myers and Span­
gler (1985) in th a t it takes into account m agnetohydrodynam ical variations in 
the flow which affect the ra te  at which the synchrotron spectrum  evolves. We 
have already noted th a t the ra te  of change of the spectral index w ith time de­
pends on the local value for the electron density and the magnetic field. In their 
analysis of 3CR radio sources, Alexander and Leahy (1987) evaluate the rate  of 
change of spectral index w ith distance along the lobe, d a /d s  w ithout regard for 
the magnetic field strength  in the source and i t ’s effect on the ra te  of spectral 
index evolution. Myers and Spangler (1985) include the magnetic field in their 
analysis but fail to take into account variations in the magnetic field strength 
along the flow. Both of these studies also neglect density variations along the 
flow and i t ’s effect on the ra te  of spectral index evolution. Moreover, we examine 
the self-consistency of our analysis by examining whether the continuity equation 
(nvcr2 = constant) is satisfied w ithin the flow.
4.2.2: Velocity determinations
Applying the theory outlined above we have attem pted  to obtain velocity 
determ inations for selected regions in 10 of the sources in our sample.
The starting  point in our analysis is a series of surface brightness profiles 
obtained from the 1.4 GHz maps. We call these surface brightness profiles “slices.” 
In general, several slices are obtained along each lobe following the run of peak 
surface brightness along the lobe. The slices are oriented perpendicular to the 
lobe (or je t) and are seperated by approxim ately half a beam -width or less (see 
figure la ). These slices yield the run of peak surface brightness and full-width 
at half-maximum (FW HM ) along the lobe. Deconvolution of the FW HM and 
peak surface brightness is perform ed using the projected beam  w idth along the 
slice and assuming a gaussian shape for both  the lobe cross-section and the beam 
( e.g. Killeen, Bicknell and Ekers 1986). Identical slices are also taken across 
the spectral index maps. A m ean spectral index weighted by the 1.4 GHz surface 
brightness profile is calculated for each point along the lobes. The spatial position 
of each point is taken to be the m idpoint of the slice. Magnetic fields are assumed 
to be minim um  energy fields and are calculated from the peak surface brightness 
and FW HM for each slice using equation (3.8).
From the da ta  we have a list of num bers giving the peak surface brightness, 
FW HM, minimum energy m agnetic field and the run of spectral index as a func­
tion of distance along the lobe (jet). In an aging plasm a with no reacceleration 
the spectrum  steepens along the flow. In a jet the youngest plasm a is found 
near the core with spectral index steepening downstream  tow ard the lobes. In a
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class II radio source with backflow from the hotspots, the youngest plasm a is gen­
erally found near the hotspots w ith spectral index steepening down the backflow 
toward the galaxy. We take the initial point on the flow, w ith flattest spectral 
index to be the fiducial point which gives us the initial (zero age) electron energy 
distribution index a. Since we know the spectral index, a  at each point along 
the flow we may invert equation (5.4) relating spectral index to the synchrotron 
cooling function J ( a , X )  to obtain  a value for the synchrotron cooling function 
at each point along the flow. We calculate the age param eter X 1//2 from J ( a ,X )  
using a table of J ( a ,X )  as a function of the zero age electron distribution index, 
a. This process is shown diagram atically in figure 4.1c.
We also require the normalised plasm a density n ' . We estim ate this at each 
point along the flow from the other param eters using equation (4.7) which relates 
the normalised plasm a density and the normalised magnetic field, B'  to obervable 
param eters. Errors for each of these param eters are derived from the surface 
brightness weighted standard  deviation of the spectral index at each point.
So, given the age param eter, X 1/ 2 at a num ber of points along the flow we 
proceed to estim ate the velocity of the flow which depends on the derivative of the 
param eter In(n,1/ 3# 1/2X 1/ 2) w ith respect to the normalised distance along the 
flow s ' . There are generally only a few resolution elements along any one radio 
lobe (or je t) yielding at best, several d a ta  points for each lobe. In view of the 
sparseness of the data, we use a least squares straight line fit to ln (n ,1/ 3ß 1/ 2X 1/ 2) 
as a function of s' to obtain a mean value for ^ 7ln (n ,1/ 3# 1/ 2X 1/ 2) along the 
flow. This avoids evaluating the derivative directly from the d a ta  which would 
introduce unacceptable noise into our velocity determ ination. We ignore the 
initial slice (where we s' =  0 and X  = 0) in our least squares fit because of the 
singularity in ln (n ,1/ 3ß 1/ 2X 1/ 2). For d a ta  which is be tte r sampled, the initial 
part of the flow could be b e tte r handled using the limiting form of equation (4.7) 
for the flow velocity:
The least squares fit to ln (n11/ 3 B 1/ 2X 1/ 2) is weighted by the param eter error at 
each point and the error for the fitted slope is derived from the standard  deviation 
of the points around the fit. The slope is used to derive a velocity at each point 
along the lobe and these velocities are used to obtain  a m ean velocity for the lobe.
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A schematic diagram  of this process for estim ating flow velocities from spectral 
index gradients is presented in figure 4.1c.
We note here th a t the velocities we derive for the class II backflows are 
the velocities of the flow with respect to the hotspot. One can identify two 
components to the flow velocity in a radio lobe. The hotspot of the radio source 
advances through the intergalactic medium with a velocity determ ined by ram 
pressure balance ( e.g. Blandford and Rees 1974). In addition light jets with 
high Mach num ber exhibit backflow in the lobe with respect to the intergalactic 
medium (Norm an et al. 1982, W illiams 1985). Since the flow velocity determined 
from the spectral index variation is measured w ith respect to the hotspot, the 
observed flow is the sum of the velocity of advance of the hotspot w ith respect 
to the intergalactic medium, vh plus the velocity of the backflow w ith respect to 
the intergalactic medium, vf .
^observed — T
In the next section we generally refer to the “backflow” as being the observed 
flow velocity in a class II radio lobe. In section 5.3 when we discuss the energy 
budget of radio sources, backflow refers solely to the velocity of the backflow with 
respect to the intergalactic medium.
In most cases presented below, the scatter of the velocities about the mean 
is very much smaller than  the error bars suggesting th a t we have been overly 
pessimistic in the original error determ ination from the scatter of spectral index 
along each slice. For this reason we take the final error of the m ean velocity to 
be the standard  deviation of the scatter about the mean, weighted by the inverse 
of the errors on each point. Figures 4.1 through to 4.30 present diagrams of the 
trend of relevant param eters for our velocity derivations. Each panel, labelled a) 
through to j) illustrates the following.
P an el a) the run of the peak surface brightness as a function of distance 
along the lobe (jet). The units are erg s -1 cm -2 H z ~ l s r ~l . In 
all cases the distance plotted along the x-axis is measured along 
the lobe in the direction of the inferred aging—away from the 
hotspot in class II sources and away from the core in class I 
sources such as PKS 0344-345.
P an el b) The run of the full w idth a t half m axim um  of the lobe (jet) as a 
function of distance along the lobe (jet).
P an el c) The run of spectral index a (S„ oc v ~ a ) p lo tted  as a function of 
distance along the lobe (jet).
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N o r th e r n  lo b e
S o u th e r n  lo b e
F igure 4.1a: A rtis t’s impression of a class II radio source illustrating the slices 
taken for the aging analysis. The m idpoints of the slices follow the peak surface 
brightness of the lobe. The slices are taken perpendicular to  the peak surface 
brightness of the lobe. The to ta l in tensity  maps yield surface brightness profiles 
across the lobe (or je t). The corresponding spectral index maps yield the run of 
spectral index along the slice.
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Figure 4.1b: Schematic diagram depicting the process of estimating velocities 
from the spectral index, surface brightness and width variation along a radio jet 
or backflow. See text for details.
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P an el d) The run of the synchrotron aging function J ( a , X )  as a function 
of distance along the lobe (jet). This has been derived from the 
run of spectral index using the spectral index at the initial point 
(s' = 0) to determ ine the zero age electron energy distribution 
power index, a.
The run of magnetic field strength is plo tted  as a function of 
distance along the lobe or jet. These have been derived from 
the peak surface brightness using standard  m inim um  energy as­
sumptions (see chapter 3).
P an el f)  The run of normalised electron density is plotted as a function 
of distance along the lobe (jet). These have been inferred using 
equation (4.7)
P an el g) The run of the param eter ln (n #1/ 3B 1/2X 1/ 2) is p lotted as a func­
tion of distance along the lobe (jet). The dashed line corresponds 
to the line of best fit used in the velocity determ inations.
P an el e)
P an el h) The velocity at each point along the lobe (or je t) is p lotted as 
a function of distance. These have been derived using equation 
(4.10) w ith the derivative term  evaluated from the line of best fit 
p lotted in panel g). Errors in these velocity determ inations are 
derived from the error in the slope of the line of best fit.
P an els  i) &: j)  The equation of continuity in a tim e independant one dimen­
sional flow asserts th a t the quantity  n'vcr2 be conserved. For a 
class II source the flow we derive from spectral index gradients is 
approxim ately stationary  in the hotspot reference frame. There 
is some tim e dependance in the hotspot frame as the flow expe­
riences changing forces and external conditions during i t ’s flow 
back tow ard the galaxy. We assume this tim e dependance can 
be ignored. We plot the quantity  n 'v a 2 as a function of distance 
down the flow to judge the validity of our model. A constant 
value of n'vcr2 implies th a t our assum ption of adiabatic flow is 
indeed valid for this particular flow. We plot n'vcr2 on two dif­
ferent scales to  accom odate the rapid increase in the size of the 
error bars tow ard the end of the flow.
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Table 4.2: Lobe velocities and ages.
P K S  N a m e L ob e V e lo c ity  e r ro r
x l0 3km s-1
L e n g th
kpc
A ge e r r o r
x106years
0344-345 east jet -18.7 3.9 122.9 -6.4 1.3
west jet 9.9 1.2 93.8 9.2 1.1
0349-278 east flow 62.0 12.0 126.4 2.0 0.4
west flow -7.0 2.7 111.5 -15.6 6.0
0600-131 east flow 29.3 6.7 69.5 2.3 0.5
west flow 6.4 1.9 52.1 8.0 2.3
1254-300 north  flow 2.9 1.8 17.8 6.0 3.7
south flow 2.7 0.4 22.2 8.0 1.1
1414-212 north  flow -7.4 0.7 64.9 -8.5 0.8
south flow 8.8 2.1 93.4 10.3 2.4
1423-177 west flow 14.8 3.7 45.1 3.0 0.8
1517-283 east jet 19.9 21.4 86.8 4.3 4.6
west jet 8.8 0.0 27.6 3.1 0.0
1654-137 east flow 9.0 2.3 61.0 6.7 1.7
west flow 74.4 11.8 64.0 0.8 0.1
2053-201 east flow 8.0 3.0 18.1 2.2 0.8
west flow 10.6 4.9 24.8 2.3 1.1
2104-256(n) north  flow 1.9 170
south flow 2.2 110
2317-277 north  flow 172.5 13.1 161.6 0.9 0.1
south flow 11.0 3.3 161.5 14.3 4.3
The derived velocities are summarised in table 4.2. Columns 1 and 2 list 
the name of the source, the relevant lobe and w hether it is a backflow or a 
jet. Columns 3 and 4 list the velocity determ ination and i t ’s error. Column 
5 lists the length of the lobe (or je t) used in the velocity determ ination. In 
columns 6 and 7 we list an estim ate of the source age and i t ’s error. These 
have been derived by dividing the length of the lobe or jet (column 5) by the 
estim ated velocity. Some sources yield negative velocities and hence negative 
ages. These are obviously unphysical results and are likely due to a breakdown 
in our assum ption of adiabatic flow. These cases are discussed in more detail in 
the next section. Note th a t the ages we present are strictly  m inim um  ages for 
the radio source.
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In table 4.2 we quote velocity and age determ inations for PKS 2104-256. 
These are taken from Cameron (1988) and are included here because the source 
is part of our sample.
4.2.3: Discussion of individual sources.
In this section we discuss the morphology and the velocity determ ination 
for each of the sources via the variation of param eters illustrated in figures 4.3 
to 4.30. We also discuss some cases where our model of adiabatic aging of the 
synchrotron plasm a appears to be insufficient to explain the data. Note tha t, 
although we include velocities for PKS 2104-256 in table 4.2 we refer to Cameron 
(1988) for a full discussion of their derivation.
The contour maps presented in this section are maps w ith the same resolution 
as the spectral index maps used in the analysis. In some cases higher resolution 
maps are presented in appendix C.
In each case the choice of direction in which we organise the profiles is dic­
ta ted  by the variation of spectral index and, to some extent, preconceived ideas 
about flow direction based on morphology. For the two class I sources which 
we analyse (PKS 0344-345 and PKS 1517-283) we measure the plasm a velocity 
along a jet using slices taken from the core and moving out toward the edges of 
the source. The rest of the sources have class II morphology in which case we 
measure the velocity of backflow from an outer hotspot inwards toward the radio 
core.
P K S  0344-345: A contour map of this source is presented in figure 4.2 
while the spectral analysis is presented in figures 4.3 and 4.4. The source is a 
class I source w ith prom inent lobes and a bright hotspot on the eastern jet. The 
surface brightness profiles used in the aging analysis have been taken from the 
core towards the lobes in the direction of expected flow for the radio plasma. The 
eastern je t can be traced continuously from the core to a very bright hotspot at 
a distance of approxim ately 60 kpc. At this hotspot the radio emission brightens 
considerably and continues on to form a broad, flat radio lobe. The hotspot is an 
obvious source of disruption to the eastern jet. We note th a t the spectral index 
flattens downstream  of the hotspot suggesting particle acceleration w ithin the 
jet (see figure 4.3a). This is further supported by figure 4.3d showing a negative 
gradient in ln (n ,1/ 3ß 1/ 2JA1/ 2) which implies th a t age of the plasm a is actually 
decreasing along the jet. This is an unphysical result which can best be reconciled 
by re-energisation of the synchrotron em itting plasm a along the flow. Panel i in 
figure 4.3 shows th a t continuity is not satisfied as n 'v a 2 varies widely down the 
jet. This is further evidence th a t our assum ption of adiabatic flow w ith particle 
no acceleration is invalid in this jet.
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Figure 4.2: C ontour map of PKS 0344-345 at 1.4 GHz. Contour levels are at 
-28 , 28, 56, 84, 112, 140, 168, 196, 224, 252 and 280 m Jy/beam .
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Figure 4.3: Variation of physical parameters and derived velocities for the east­
ern jet of PKS 0344-345. See text for details.
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Figure 4.3 cont: Variation of physical parameters and derived velocities for the 
eastern jet of PKS 0344-345. See text for details.
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Figure 4.4: Variation of physical parameters and derived velocities for the west­
ern jet of PKS 0344-345. See text for details.
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Figure 4.4 cont: Variation of physical parameters and derived velocities for the 
western jet of PKS 0344-345. See text for details.
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The western je t of this source is less spectacular and thus probably more 
am enable to our theory. The jet is undetectable very close to the core. Overall, 
the je t gradually widens and brightens with distance from the core, culminating 
in a narrow , high surface brightness lobe approxim ately 100 kpc to the north ­
west. Figure 4.4 shows th a t the spectral index steepens in an approxim ately 
linear m anner. The increasing surface brightness plus increasing w idth conspire 
to present a gradually decreasing minim um  energy along the jet. We derive a 
mean je t velocity of 9900 km s- 1 . Panel h) of figure 4.4 shows, however th a t this 
velocity decreases slowly from 12 000 km s-1 to 9000 km s-1 over the length of 
the flow. Panel i) of figure 4.4 shows th a t continuity is not obtained in this jet, 
although the degree to which the flow violates continuity w ith the m aterial flux 
gradually increasing along the jet. This, along with the large opening angle of 
the w estern je t suggests turbu len t entrainm ent of therm al m aterial into the jet 
thus decelerating it (Bicknell 1984). In this case, our model assum ptions are not 
strictly  valid.
P K S  0349 -2 7 8 : A contour map for this source is presented in figure 4.5 
while the spectral analysis is presented in figures 4.6 and 4.7. The radio source 
is a classic class II source oriented northeast-southw est. In this case we are 
m easuring the spectral index aging along the backflow from the hotspot. The 
surface brightness d istribution is is somewhat asym m etric w ith the northeast 
lobe and hotspot being the brightest of the two lobes. Surface brightness profiles 
for the two lobes have been taken starting  from each hotspot, progressing along 
the lobes tow ard the radio core. Figure 4.6a shows th a t the spectral index does 
not steepen sm oothly along the lobe, bu t steepens off the hotspot, reaches a 
p lateau briefly between 25 and 75 kpc and then resumes i t ’s steepening trend. 
The p la teau  region coincides w ith a region of constant m inim um  energy density 
(figure 4.6b). The resum ption of steepening spectral index and decreasing energy 
density follows a “ta il” which flows off to the northwest. The flow appears to 
satisfy the continuity equation out to a distance of 75 kpc from the hotspot. The 
mean velocity of this lobe is 62 000 km s-1 which is approxim ately a factor of two 
larger th an  backflow velocities in class II radio sources studied by Alexander and 
Leahy (1987).
The southw estern lobe of PKS 0349-278 is fainter and morphologically more 
d isturbed  th an  the northeastern  lobe. The spectral index does not follow a 
sm ooth trend  w ith the flow, bu t remains approxim ately constant with increasing 
variation across the lobe as evidenced by the increasing size of the error bars 
in figure 4.7a. The m inim um  energy density also appears to vary considerably 
along the lobe. There is a region approxim ately 60 kpc from the southwestern 
hotspot where the backflow widens assymetrically. T ha t is, the centroid of the
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emission diverges from the source axis and later returns. This region coincides 
with a higher minimum energy density and flatter spectral index (although the 
da ta  is sparse). We may be seeing here a deflected backflow (flowing away to the 
southeast) superposed on “background” plasm a lying along the jet. We derive 
a negative velocity in this backflow which may indicate the action of some ac­
celeration process energising the synchrotron em itting electrons. We note from 
the results in panel i) of figure 4.7 th a t the equation of continuity does appear to 
hold in this flow.
P K S  0600-131: A contour map of this source is presented in figure 4.8 
and the spectral analysis is presented in figures 4.9 and 4.10. The source is not 
well resolved and consequently little can be said about it. The morphology is 
class II with apparent bouyant interaction of the backflow w ith the host galaxy. 
This is reasonably clear in the northeastern  lobe (see figure 4.8). The spectral 
index and the minim um  energy apparently  vary smoothly along the northeastern 
lobe for a distance of 60 kpc. The variation in the quantity  ln (n ,1/ 3ö 1/ 2X 1/ 2) is 
reasonably approxim ated by a straight line (figure 4.9g). The m ean velocity for 
the backflow in this lobe is 29 300kms-1 and figure 4.9i shows th a t the flow does 
obey the equation of continuity over almost the entire length of the lobe.
The southwestern lobe of PKS 0600-131 is poorly resolved resulting in only 
four da ta  points. We obtain  for this flow, a m ean velocity of 6400 km s-1 which is 
significantly lower than  the flow in the northeastern  lobe of this source. We also 
note th a t the equation of continuity holds along the entire length of the flow.
P K S  1254-300: A contour map of this source is presented in figure 4.11. 
The spectral analysis is presented in figures 4.12 am d 4.13. This is a class II 
radio source w ith tails extending eastw ards from the north and south lobes. The 
tail from the south lobe is especially long, reminiscent of the extremely long 
tails discovered in the northern  source of PKS 2104-256 (Cameron et al. 1987, 
Cameron 1988). Variations of the param eters are reasonably well behaved in this 
source although the error bars are fairly large for the lower surface brightness 
northern  lobe. The velocities we derive are 2900 km s-1 for the northern lobe 
and 2700 km s-1 for the southern lobe. The equation of continuity is satisfied 
in both  backflows in PKS 1254-300 (see figures 4.12f and 4.13i). These derived 
backflow velocities are considerably lower than  the velocities found for our other 
class II radio sources and for for class II radio sources studied by Alexander and 
Leahy (1987) and Myers and Spangler (1985) which are typically greater than 
104 km s- 1 . We feel however, th a t these low velocities are justifiable. The way in 
which the backflow from the southern lobe curls around so drastically indicates a 
strong influence on this flow from either bouyant effects or dynamical effects ( e.g. 
motion of the host galaxy). Such effects are expected to be small if the velocity
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Figure 4.13: Variation of physical parameters and derived velocities for the 
southern lobe of PKS 1254-300. See text for details.
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of the backflow were considerably faster. PKS 1254-300 lies at the centre of the 
cluster Abell 3532 (Abell, Corwin and Olowin 1989). A typical velocity of the 
host galaxy through the intra-cluster medium is expected to be on the order of 
a few x lO 3 km s-1 to ~  104 km s- 1 . The velocity im parted via bouyancy to a 
plasm a very much lower in density than  the surrounding medium is on the order 
of a few hundred kilometers per second. Hence if either one of these processes 
could noticeably deflect the backflow in a class II radio lobe (as appears to be 
the case for this object) then the velocity of the plasm a flow with respect to the 
surrounding medium cannot be very much greater than  these typical velocities. 
We further note th a t Cameron (1988) has derived velocities of around 2000 km s-1 
for the tails in PKS 2104-256 (see table 4.2) with which we have already drawn 
morphological parallels. It is interesting to note th a t PKS 2104-256 also lies in 
the core of a cluster of galaxies. It is generally believed th a t the growth of a 
class II radio source is governed by ram  pressure balance between the plasm a in 
the lobe and the external medium. It may be true th a t the presence of a high 
pressure external medium in the core of a cluster is responsible for the lower 
speed of advance of the radio lobes in PKS 1254-300 and PKS 2104-256. It may 
be interesting to consider w hether these two source are interm ediate between 
class II radio sources and the class of wide angle tail radio sources commonly 
found in clusters of galaxies (Owen and Rudnick 1976).
P K S  1414-212: A contour map of this source is presented in figure 4.14. 
The spectral analysis is presented in figures 4.15 and 4.16. This is a class II source 
w ith a peculiar surface brightness d istribution in the northern lobe. The northern 
lobe has a bright hotspot approxim ately 80 kpc from the core and on the eastern 
edge of the lobe. This appears to be a deflected jet w ith the hotspot assymetrically 
disposed. This source may be similar to PKS 2317-277 (see figure 4.28) with 
“backflow” continuing on from a deflected je t, or it may be a source with a 
new hotspot within an old lobe reminiscent of the “dentist drill” model (Scheuer 
1982) or the double hotspots in Cygnus A (Alexander et al. 1984). In defining 
the profiles across this lobe we adopted the former in terpretation, taking slices 
from the hotspot toward the north  along the (presumed) flow direction. A glance 
at figure 4.15 shows our presum ption to have been erroneous. Figure 4.15g shows 
th a t the plasm a actually “ages” from the northern  tip  of the lobe. The trend 
of spectral index along the flow is non-linear (see figure 4.15a). The situation 
is obviously quite complex and we refrain from analysing this lobe any further. 
It is certain, however th a t the position of the hotspot is inconsistent w ith the 
apparent plasm a flow direction and we suggest th a t this is a case of a young 
hotspot w ithin an older lobe. Higher resolution observations of this source would 
be most revealing.
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The southern lobe of PKS 1414-212 is be tte r behaved and yields a mean 
velocity of 8800 km s- 1 . Continuity of the flow is satisfied in this lobe.
P K S  1423-177: A contour map of this source is presented in figure 4.17. 
The spectral analysis of the western lobe is presented in figure 4.18. Given the 
low resolution of our 1.4 GHz map of this source we only have acceptable da ta  for 
the western lobe of this source. The higher resolution 5 GHz map in appendix C 
shows it to be a somewhat distorted class II radio source with backflow towards 
the northeast from the western hotspot. The source also appears to be embedded 
in flat, low surface brightness emission. The spectral index and surface brightness 
variations of this source are fairly well behaved and we derive a mean velocity 
of 14 800 km s-1 . As shown in figure 4.18f, this flow satisfies the equation of 
continuity very well.
P K S  1517-283: A contour map of this source is presented in figure 4.19. 
The spectral analysis is presented in figures 4.20 and 4.21. This source is a class I 
radio source so we have taken our profiles in the inferred direction of flow from the 
radio core out along the jets. Both jets show large and sudden increases in surface 
brightness along their flow followed by a steady decline in surface brightness. It 
is interesting to note the wide, flat plateau of emission to the northeast of this 
radio source (see figure 4.19). We have most detailed inform ation for the eastern 
jet shown in figure 4.20. The m ean velocity we derive is 19 900 km s- 1 . We note 
th a t continuity is well satisfied in this flow (figure 13i).
The western jet of PKS 1517-283 shows a ra ther bright hotspot approxi­
m ately 25 kpc from the core w ith a gradual decrease in brightness beyond this 
point. There is a flattening of the spectral index across this hotspot suggesting 
th a t particle acceleration is occurring here. We are forced to begin our model 
downstream  from this hotspot and thus only have three d a ta  points from our 
low resolution spectral index map. From these d a ta  we derive a m ean velocity 
of 8800 km s-1 for the flow downstream  of the hotspot. W ithin the error bars, 
continuity does not seem to be satisfied in this flow.
P K S  1654-137: A contour map of this source is presented in figure 4.22. 
The spectral analysis is presented in figures 4.23 and 4.24. This source is an 
apparently  straightforw ard class II radio source w ith a strong core and strong 
hotspots a t the end of both  the east and the west lobes. W ith  this source we 
have encountered problems w ith striping across the radio map. This is introduced 
by poor uv coverage—witness the elongated beam. In the east lobe the striping 
manifests itself as large error bars on the spectral index values. However, the 
trend  in spectral index and surface brightness variations appears to be regular
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Figure 4.17: Contour map of PKS 1423-177 at 1.4 GHz. Contour levels are at 
-3 .6 , 3.6, 9, 18, 27, 36, 45, 54, 72, 90, 108, 126, 144, 162 and 180 mJy/beam.
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the western jet of PKS 1517-283. See text for details.
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Figure 4.23: Variation of physical parameters and derived velocities for the 
eastern lobe of PKS 1654-137. See text for details.
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F igure 4 .23  cont: Variation of physical param eters and derived velocities for 
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Figure 4.24: Variation of physical parameters and derived velocities for the 
western lobe of PKS 1654-137. See text for details.
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Figure 4.24 cont: Variation of physical parameters and derived velocities for 
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and we derive a velocity of 9000 kms 1. W ithin the errors, the equation of 
continuity is satisfied by the backflow in the eastern lobe of this source.
The western lobe of PKS 1654-137 also suffers somewhat from the striping 
instability. The variation of spectral index along the backflow is quite noisy. We 
do obtain a velocity for the backflow in this lobe of 70 000 km s- 1 . This is a 
ra ther high value for any class II radio source as well as being somewhat higher 
then the backflow velocity in the eastern lobe of this source. In view of the poor 
quality of the data  we must regard this velocity estim ate with skepticism.
P K S  2053-201: A contour map of this source is presented in figure 4.25. 
The spectral analysis is presented in figures 4.26 and 4.27. This is a class II source 
w ith very small lobes apparently flowing almost perpendicular to the m ajor axis 
of the radio source. Our data  for this source is fairly straightforw ard if a little 
sparse and noisy. The mean velocity for the east lobe (figure 4.26) is 8 000 km s-1 
w ith a ra ther large error. The west lobe (figure 4.27) has a m ean velocity of 
10 600 km s- 1 , also with a very large error. The equation of continuity does not 
appear to be satisfied for the eastern lobe, bu t does perta in  for the backflow in 
the western lobe.
P K S  2317-277: A contour map for this source is presented in figure 4.28. 
The spectral analysis is presented in figures 4.29 and 4.30. This is a ra ther 
spectacular radio source which we have designated class I/II. It looks very much 
like a wide angle tail source with striking reflection sym m etry along an east-west 
axis. In bo th  the north  and the south lobes an invisible jet appears to deflect 
to the west forming a hotspot near the base of the lobes which then “flow’' 
away from the galaxy. Certainly this is the direction in which the spectral index 
steepens. The mean velocity for the southern lobe is 10 000 km s- 1 . The direction 
of this backflow is impossible to derive solely from the motion of hotspots moving 
outw ard into the intergalactic medium. Indeed it is difficult to imagine any 
forces o ther than  bouyancy which could deflect the lobes into such a symmetric 
morphology. These lobes appear to be subject to  bouyancy forces in the potential 
well of the host galaxy. Note th a t this source lies more than  one degree from the 
nearest Abell cluster implying th a t it does not reside in a cluster environment.
In summary, we find th a t flow velocities in the lobes of class II radio sources 
are typically 10 000 km s-1 or greater. This is in good agreement w ith the results 
of other similar determ inations such as those of Myers and Spangler (1985) and 
Alexander and Leahy (1987). We generally find th a t the equation of continuity 
(n 'v a 2 =  constant) is satisfied by the flows in class II radio sources. We also 
find th a t the velocities in the backflow are approxim ately constant along the 
flow. Some difficulty is experienced in modelling the two class I radio sources
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Figure 4.25: Contour map of PKS 2053-201 at 5 GHz. Contour levels are at 
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Figure 4.26: Variation of physical parameters and derived velocities for the 
eastern lobe of PKS 2053-201. See text for details.
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Figure 4.26 cont: Variation of physical parameters and derived velocities for 
the eastern lobe of PKS 2053-201. See text for details.
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Figure 4.27: Variation of physical parameters and derived velocities for the 
western lobe of PKS 2053-201. See text for details.
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F igure 4 .27  cont: Variation of physical param eters and derived velocities for 
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Figure 4.28: Contour map of PKS 2317-277 at 1.4 GHz. Contour levels are at 
-4 .8 , 4.8, 12, 24, 36, 48, 60, 72, 96, 120, 144, 168, 192, 216 and 240 mJy/beam.
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Figure 4.29: Variation of physical parameters and derived velocities for the 
southern lobe of PKS 2317-277. See text for details.
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Figure 4.29 cont: Variation of physical parameters and derived velocities for 
the southern lobe of PKS 2317-277. See text for details.
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Figure 4.30: Variation of physical parameters and derived velocities for the 
southern lobe of PKS 2317-277. See text for details.
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Figure 4.30 cont: Variation of physical parameters and derived velocities for 
the southern lobe of PKS 2317-277. See text for details.
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(PKS 0344-345 and PKS 1517-283) due to hotspots and areas along the je t where 
there appears to be reacceleration of the synchrotron em itting electrons.
Finally, we briefly note that in most cases where continuity is not satisfied 
tow ard the end of the flow, the quantity  n 'v a 2 tends to increase ra th e r than  
decrease. There may be a physical reason for this. It is possible th a t tow ard the 
end of the flow, bouyancy forces decelerate the flow causing compression of the 
plasm a (increase in n') an d /o r a broadening of the flow (increase in a)  resulting 
in a n e tt increase in n 'v a 2.
and compressing the flow, causing a nett increase in n 'v a 2.
In the next section we use the results of this section and the results of chap­
ter 3 to derive estim ates for the energy flux down the jet in each of the class II 
sources discussed above.
4.3: Radio source energy budget.
In this section we derive estim ates for the energy flux in the radio jet via 
a consideration of the overall energy budget of the source and using the source 
ages presented in the previous section. Determining the to ta l energy in a radio 
lobe over a known time scale yields an average power for the delivery of energy 
via the jets. The purpose of this section is to establish the fraction of the to tal 
energy budget of these radio source which we observe as radio emission.
In the following discussion we address only the class II radio sources. Energy 
budgets of class I radio sources have been considered in detail by Bicknell (1986). 
A full treatm ent of the energy budget for the class I sources PKS 0344-345 and 
PKS 1517-283 requires more detailed information on jet surface brightness and 
jet opening angle than  is available from our data. Moreover, we recall from the 
previous discussion th a t our velocity analysis is apparently not particularly  valid 
for the class I radio sources considered above.
In the previous section dealing w ith the velocities and ages of the radio lobes 
we noted th a t the age estim ates are strictly lower limits on the true  age of the 
radio source. This is because there may be old plasm a in the lobes which is 
undetectable at our particular frequency and with our particular dynam ic range. 
We note, however th a t this is not a problem for the energy budget analysis. We 
derive the lobe energies from the detected parts of the source. The velocities and 
ages are derived from these same parts of the source. Thus there is no restriction 
implied by considering only a section of the radio source.
The to ta l energy of a radio lobe evolves due to the combined effect of energy 
input from the jet energy losses due to radiation and work perform ed in expanding
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the lobe. Bicknell (1986) gives the expression for the energy budget of a radio 
lobe:
^  = Fe  -  £ L,exp -  CL (4.9)
where E l is the to ta l lobe energy, F e is the energy flux into the lobe, E l ^ \p is the 
ra te  of work done by the expansion and C l is the to ta l synchrotron plus inverse 
Com pton luminosity. We discuss the lobe energy, the work done in inflating the 
lobe and the radiative lum inosity in the following subsections.
4.3.1: Total lobe energy.
The lobe energy comprises the internal energy-density e, the kinetic energy- 
density \ p v 2 and the magnetic field energy density B 2/8n  in tegrated over the 
lobe volume.
E L = Jv { e + l pv2 + V ) d3v(4io)
We have ignored gravitational potential energy. In applying this expression to 
class II radio lobes we identify the plasm a velocity v w ith the backflow speed of 
the plasm a with respect to the intergalactic medium, uy, and ignore any other 
possible internal motions such as turbulence. The velocities derived for class II 
sources in the previous section on spectral aging are the velocities of the flow with 
respect to the hotspot. Since the hotspot may itself be moving with respect to 
the intergalactic m edium with speed Vh, the velocity we observe is u0bs =  v /  + Vh- 
To simplify equation (4.10) we assume th a t the energy densities do not vary 
greatly over the lobe, hence we may replace the integral by m ultiplication with 
the lobe volume. It is then understood th a t all param eters represent m ean energy 
densities over the lobe. This assum ption is made for the o ther contributions to 
the energy budget discussed below.
To estim ate the lobe volume we assume cylindrical geometry with diam eter 
D l and length i  from the radio core to the hotspot at the end of the lobe (see 
figure 31). We further estim ate the ra te  of change of lobe energy by an average 
over the age of the source: dEL/dt  ~  E l / t , where r  is the age of the source. A 
little  m anipulation yields:
d E L
dt *+öPvf + lC=
*p i e
4 T
(4.11)
The backflow velocity w ith respect to the intergalactic medium is designated vj .
This expression for the ra te  of change of the to ta l lobe energy includes a 
contribution from therm al m aterial. Ii is quite clear from studies of Faraday de­
polarisation (e.g. Burn 1966) th a t there is a negligible am ount of therm al m aterial
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Figure 4.31: Diagram of a class II radio lobe defining some of the geometrical 
parameters used in the energy budget analysis in section 4.3. The radio lobe is 
approximated by a cylindrical geometry with length t  and diameter D l • The 
velocity of the hotspot with respect to the intergalactic medium is Vh and the 
velocity of the backflow with respect to the extragalctic medium is V f .  The 
velocity derivedfrom our spectral aging analysis is: voos = Vh+Vf.  The magnetic 
field strength vector, B, is illustrated lying parallel to the lobe surface at the 
front of the lobe, and parallel to the backflow velocity along the backflow region 
of the lobe.
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in the lobes of class II radio sources (Saikia and Salter 1989). We therefore ig­
nore any contribution from therm al m aterial toward the energy budget. Ignoring 
therm al m aterial allows us to assume tha t the term  (e +  f*—) in equation (4.11) is 
equal to the minimum energy density derived from the radio da ta  in chapter 3. 
We also assume tha t the magnetic field and electron pressure are equal to their 
m inim um  energy values.
A m ajor unkown in equation (4.11) is the kinetic energy in the backflow 
w ith respect to the intergalactic medium, \ p v 2j .  It is convenient to express this 
quantity  in term s of the Mach num ber of the backflow, Mf  and the pressure in 
the lobe, P :
\ pv )  =  I  PM}
where we assume an adiabatic index T = | . The expression for the rate of change 
of the lobe energy then becomes:
*D 2l P
4 r
+ (4.11a)
Models of class II radio sources show th a t appreciable backflows are found 
in sources with light, high Mach num ber jets. These backflows can be supersonic 
(Mf  > 1) (Norm an et al. 1982, Williams 1985). W illiams (1985) gives an analytic 
approxim ation for the Mach num ber of the backflow as a function of the jet Mach 
num ber. For a high je t Mach num ber, M]et: Mf  ~  2AM^e25. For a jet Mach 
num ber of 10 this gives Mf  ~  4.4. W illiams (1985) notes th a t because the 
flow will not be fully isentropic, this estim ate is probably an upper limit. The 
morphology for the class II sources considered in this section suggest th a t they are 
indeed sources with low je t density and high Mach num ber. We must therefore 
expect the backflow to  have a Mach num ber anywhere between zero and ~  5 or 
more. We thus see th a t the kinetic energy in a backflow can dom inate the to ta l 
energy in the lobe.
4.3.2: Work in lobe expansion.
The ra te  of work due to  expansion is given by (Bicknell 1986):
E l ,exp  —-IJ A l (P + B 2/ 8 j r ) v - n -
B • v B • n
(4.12)
where P is the lobe pressure and v is the lobe expansion velocity vector at each 
point on the surface of the lobe, n is the unit vector norm al to the lobe surface
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and B is the magnetic field strength vector. The integral is carried out over the 
surface of the lobe.
In the context of class II radio lobes there are three contributions to the 
expansion energy. There is forward expansion due to the forward m otion of the 
hotspot through the intergalactic medium. There is lateral expansion of the lobe 
and there is the work done by the backflow on the intergalactic m edium  behind 
the lobe. We examine the contribution from each of these com ponents in turn.
The lobe advances into the intergalactic medium with speed Vh. We assume 
a cylindrical geometry for the lobe w ith diam eter Dl and length £ from the radio 
core to the hotspot at the end of the lobe. The magnetic field in class II radio 
lobes tends to be aligned tangential to the lobe surface along the front of the lobe 
and aligned along the backflow away from the lobe front (see figure lb ). Thus 
for forward expansion the scalar product B • v =  0 and the contribution to the 
work done in expanding the lobe by the forward expansion is:
( ^L, e xp ) f o r wa r d  =  ( P  +  B 2 / 8 t/ )  Vh ( •
For the lateral expansion of the lobe we approxim ate the velocity of expansion 
by half the lobe w idth divided by the age of the source:
( ia ,e * p ) u .e r a l  =  ( P  + B 2/8tt) ( ^ ) 7tDLL
Along the back of the lobe where there is backflow with velocity Vf with 
respect to the intergalactic medium, the flow direction is parallel to the magnetic 
field which is in tu rn  parallel to the norm al surface vector n. Thus on this surface 
we have: B • v B  • n  =  B 2 Vf .  The contribution from the backflow to the work 
done in expanding the lobe is:
(T /L ,exp)backflow  —
Summing all these contributions over the lobe yields the to ta l ra te  of work 
done in the expansion of the lobe:
p L ,e x p
2£
T ^obs
( v j _ \ (  \1 1
\ v obJ \ P  + B y 8tJ J  j (4.13)
where u0bs =  Vf+Vh is the velocity of the lobe flow derived from the spectral index 
analysis. This is the velocity of the flow with respect to the hotspot. This form
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for E l ,exp is convenient because the only param eter which is not observable or 
derived from observations is the backflow speed w ith respect to the intergalactic 
medium, V f .  In the case of a minim um  energy pressure and magnetic field the 
term
£ 2/4 tr _  8
P  + B 2/ S tt ~  r
and since Vf <  u0b9 the term  in square brackets in equation (4.13) will be less 
than  or equal to unity.
4.3.3: Radiative luminosity.
The radiative luminosity is given by:
E l (4.14)
where B jc  is the equivalent inverse Compton magnetic field, ee is the energy den­
sity in relativistic electrons and c \ 2  is one of Pacholczyck’s (1970) constants. The 
in tegration is carried out over the lobe volume. We can calculate the synchrotron 
lum inosity of the lobe, Lradio from observations, so we express the radiative lu­
minosity as:
E l  —  T r a d i o (4.14a).
4.3.4: Energy budgets
In the equations presented above we have isolated term s which refer to the 
unobservable backflow velocity w ith respect to the intergalactic medium. In this 
section we list the term s in the energy budget analysis which can be evaluated 
from observed param eters and discuss their relative contributions to the estim ate 
of the energy flux down the je t. We also assess the effect of backflows on the 
radio source energy budget.
A ltogether there are five derivable factors which go into the energy budget 
analysis. We shall refer to these known factors as E\ to €5 . The first two known 
factors come from the equation for the ra te  of change of the lobe energy (equation 
4.11a). The rate  of change of lobe energy in stationary  m aterial and magnetic 
fields is given by:
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The known factor in the contribution to the ra te  of change of lobe energy from 
the kinetic energy of the backflow is:
2 (  f r Dl P)
This factor enters the energy budget m ultiplied by the Mach num ber of the back- 
flow which may have any value between zero and a num ber on the order of 10.
The next two known factors come from the expression for the ra te  of work 
done in inflating the lobes. The ra te  of work done in transverse expansion of the 
lobe m aterial is given by (from equation 4.13):
£3 =
The known factor involved in the forward and backward expansion of the lobe is 
also taken from equation (4.13):
This equation enters the energy budget analysis m ultiplied by a factor which is 
expected to have a value of unity  or less.
Finally we have the synchrotron plus inverse Conm pton lum inosity derived 
from the synchrotron luminosity:
£5 — -^radio T  ^ 2
Using these factors we rewrite equation (4.9) in term s of the energy flux 
down the jet:
F e  — £ \  T  M j  £ 2  +  £ 3  +
/  £ 2/4 tt \
yp  + b2/Stt ) £ 4  +  £ 5 . (4.15)
Using the radio source dimensions and lobe minim um  energies presented in 
chapter 3 and the ages and flow speeds presented in the previous section we derive 
the known energy factors £{ for the sources discussed in the previous section. For 
the sources in which we have flow velocities for bo th  lobes we trea t each lobe 
seperately. We use the flow speed, age, and m inim um  energy density for each
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Table 4.3: Energy budget analysis.
N am e Lobe
Log
• L r a d io
Log Log
€ 2
Log
£ 3
Log
£ \
Log
£*
Log ^ r a d i o  
(%)
0349-278 east 42.03 44.06 43.65 44.08 43.86 42.47 44.49 0.35
0600-131 east 42.14 44.05 43.64 44.07 44.10 42.47 44.56 0.39
west 42.14 43.32 42.91 43.35 43.26 42.49 43.81 2.15
1254-300 north 41.25 42.51 42.10 42.54 42.43 41.58 42.99 1.84
south 41.25 42.40 41.99 42.43 42.42 41.58 42.92 2.18
1414-212 south 41.84 43.19 42.78 43.22 43.02 42.32 43.65 1.55
1423-177 west 41.85 43.63 43.22 43.66 43.59 42.19 44.11 0.56
1654-137 east 41.97 43.05 42.64 43.08 42.78 42.33 43.50 2.98
west 41.97 44.05 43.64 44.08 43.76 42.32 44.46 0.32
2053-201 east 42.50 44.04 43.63 44.07 43.53 42.82 44.43 1.18
west 42.50 43.74 43.33 43.77 43.37 42.84 44.16 2.20
2104-256 north 41.62 41.07 40.66 41.10 41.79 42.14 42.35 18.66
south 41.62 41.59 41.18 41.62 42.18 42.04 42.53 12.25
2317-277 north 42.64 45.03 44.62 45.06 44.80 43.01 45.46 0.15
south 42.64 43.54 43.13 43.57 43.31 43.07 44.02 4.24
f Jet energy flux assuming v j  =  0.
lobe seperately. For lobe dimensions we equate the lobe diameter, D i  with the 
average moment width listed in table 3.9b and we equate the lobe length, t  with 
half the moment length listed in table 3.9b. Data for the radio source PKS 2104- 
256 is taken from Cameron (1988).
The results are listed in table 4.3. Columns 1 and 2 list the radio source 
name and the appropriate lobe. Column 3 presents the logarithm of the total 
synchrotron luminosity for the radio source. This is derived from the 1.4 GHz 
radio power listed in table 3.4. We integrate the synchrotron spectrum between 
107 Hz and 1011 Hz assuming a spectral index of 0.7. Columns 4 to 8 list the 
logarithm of the energy parameters S\ to £5 respectively. Column 9 presents the 
logarithm of the total energy flux down the jet, Fe assuming a zero backflow 
velocity with respect to the intergalactic medium (he. Vf =  0 and hence M f = 0). 
Note that this is not a minimum value for Fe since the form of Fe as a function 
of the backflow velocity, u/, suggests that for given observationally derived con­
tributions to the energy budget, the inferred jet power is minimised for a non-zero 
value of the backflow velocity.
Column 10 presents the ratio of the synchrotron luminosityLradi0 to the 
calculated jet power Fe .
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We find in general th a t the synchrotron luminosity is only a few percent 
of the jet power. This ratio  is independant of the radio power for our small 
sample of sources. Rawlings (1987) has estim ated jet powers for a large num ber 
of 3CR radio sources. He finds a linear relationship of jet power with synchrotron 
lum inosity over three decades in radio luminosity. Rawlings also finds tha t the 
ra tio  of radio luminosity to jet power varies between 1% and 10% depending 
on the environm ent of the radio source. Radio sources in rich environments 
where the inferred density of the intergalactic medium is large, have a larger 
fraction of synchrotron lum inosity to jet power than  do radio sources in less 
dense environments. All the sources we have considered, except PKS 1254-300 
and PKS 2104-256, are field sources. Hence our inferred ratio  of synchrotron 
lum inosity to jet power of a few percent is in excellent agreement with the results 
of Rawlings (1987). We note th a t the ratio  of synchrotron luminosity to jet 
power for PKS 2104-256, at ~  16%, is somewhat larger than  th a t found for any 
other source in our sample and in the sample of Rawlings. This may indicate 
th a t PKS 2104-256 is in a particularly rich environm ent. Another explanation 
is suggested by the very long tails in this source (Cam eron 1988) which may be 
evidence for a very strong lobe backflow with respect to the intergalactic medium. 
It is not unreasonable th a t our energy budget analysis has underestim ated the 
jet power for this particular source because of our neglect of the backflow.
Bicknell et al. (1989) analyse the energy budgets of a selection of class I 
' adio sources and find ratios of radio luminosity to jet power of 10% up to about 
%. This is a very much higher fraction than  in the class II sources studied by 
Rawlings (1987) and ourselves. Moreover we note th a t our results agree extremely 
well with those of Rawlings (1987) even though our class II radio sources lie closer 
to the class I /I I  transition  region. Given this observation and the observation tha t 
Rawlings notes no apparent trend  in Tradio/Fe  w ith radio power, we suggest tha t 
the ratio  of radio lum inosity to  jet power is independant of radio power (at least 
in the class II sources) and depends prim arily on radio morphological class. We 
acknowledeg the dependance of Tradio/^E with environm ent found by Rawlings 
(1987) but note th a t this appears to be only be a secondary effect.
This concludes our energy budget analysis for the selected radio sources. The 
rem ainder of this chapter deals w ith the radio cores, and their relationship with 
the large scale param eters of the radio sources in our sample.
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4.4: The core components.
In chapter 3 we presented VLA fluxes and spectral indices of the arcsecond 
scale cores. We also presented the results of long-basline interferom etry on a 
subsample of radio sources. Our main conclusion there is th a t the cores with flat 
spectral index (a  < 0.5) have similar flux-densities as observed with the VLA 
and with the Parkes-Tidbinbilla Interferom eter (P T I). The flat spectrum  cores 
are unresolved on arcsecond and milliarcsecond scales. Conversely, the steep 
spectrum  cores (a  >  0.5) have system atically lower P T I fluxes indicating tha t 
they are largely resolved on milliarcsecond scales. We also gave evidence tha t 
the distribution of core spectral index is bimodal, suggetsing the existence of two 
distinct populations of radio core. In this section we discuss the two classes of 
radio cores in relation to o ther properties of the radio sources.
4.4.1: Models of compact cores.
It is pertinent to ask what is the difference between the flat spectrum  cores 
and the steep spectrum  cores in our sample of galaxies? In this section we discuss 
current models for flat spectrum  radio sources and how they may fit into an overall 
picture of the radio sources in this sample. In particular, we examine w hether the 
two different core spectra reflect an intrinsic difference in the two types of cores. 
To some extent this discussion overlaps with the contents of chapter 7. But it is 
necessary to examine current concepts of radio cores and relativistic beaming in 
order to in terpret the interrelations presented in the following sections.
Flat spectrum  sources may be understood as a superposition of a num ber 
of uniform, partially opaque radiating plasmoids (blobs of plasm a) or localised 
enhancem ents in a jet such as shocks ( e.g. Kellerman and Pauliny-Toth 1981). 
Figure 4.32a shows the spectrum  of synchrotron emission from an homogeneous 
ensemble of relativistic electrons (Pacholczyck 1970). The salient feature of this 
spectrum  is the peak at frequency um corresponding to the frequency at which the 
radiation becomes optically thin. For frequencies v <C vm the emission is opaque 
w ith a spectrum  of —2.5. At higher frequencies v vm the emission is optically 
th in  with the usual spectrum  a  =  (1 — a )/2 , where a is the power-law index for 
the electron energy distribution. The frequency vm depends on the plasmoid size, 
the electron num ber density and the magnetic field strength. For a num ber of 
plasmoids w ith differing physical param eters (for example a tra in  of plasmoids 
expanding from a central source) the resulting spectrum  is a superposition of the 
individual plasmoid spectra. An example of such a superposition is shown in
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figure 4.32b. This is a four component model fit for 0735 +  178 from C otton et al. 
(1980).
An elaboration of core models involving discrete, uniform plasmoids are the 
models of opaque, non-uniform plasmas ( e.g. Condon and Dressel 1973; de Bruyn 
1976; M arsher 1977; and Spangler 1980) These have subsequently found appli­
cation in the relativistic regime to opaque jet and wind models. Calculation of 
flux-densities and spectra for jets involves solution of the full radiative transfer 
equations given a model for the variation of plasm a param eters w ithin the jet. 
M arscher (1980) and Blandford and Königl (1979) have presented models of com­
pact radio je ts in the context of relativistic beaming. Reynolds (1982) gives a 
more general treatm ent of the problem. These models show th a t flat spectrum  
radio emission arises from opaque regions of the radio jets. These regions are 
close to the central engine and on scales of a few parsecs or less.
In the case of an opaque plasma, and because of the relatively low dynamic 
range available in radio interferometry, it is a useful assum ption to say tha t all 
emission at a particular frequency comes from a region for which the optical depth 
is unity. This is approxim ately where the synchrotron spectrum  peaks (r( i/m) ~  1 
in figure 4.32a). For this reason the spatial scale to which a radio interferom eter 
is most sensitive is independent of the baseline. For a typical tem perature of 
5 x 10n K, Kellermann and Pauliny-Toth (1981) give the characteristic size of the 
radiating region as:
0 ~  ‘1S ) ly VGHz  m aS '
Our flat spectrum  sources have typical flux-densities of ~  10 m Jy to 100 m Jy at 
2.29 GHz, corresponding to a characteristic size of ~  0.2 mas. At redshifts of 
0.05 to 0.3, this corresponds to linear sizes of 0.1 pc to 1 pc.
Flat spectrum  radio sources are generally associated with blazars and the 
cores of quasars. They are characterised by variability, high brightness tem per­
ature and a flux-density which is a significant fraction of the to ta l emission. A 
common in terpreta tion  of these objects is th a t they are compact, relativistic ra ­
dio jets viewed end on. Relativistic beaming boosts the observed flux-density 
of the opaque jets so th a t they dom inate any extended radio emission from the 
source. This view is often referred to as the “unified scheme” for quasars (O rr 
and Browne, 1982)
It is reasonable to ask w hether the flat spectrum  radio cores in our galaxies 
represent a similar physical phenomenon to quasar cores? T hat is, do they contain 
com pact, opaque je ts on parsec scales? In the rem ainder of this chapter we 
examine w hether the flat spectrum  cores in our sample are relativistically beamed 
and the steep spectrum  cores are not. The alternative is th a t neither core is
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Figure 4.32a: Synchrotron spectrum of a uniform, partially opaque plasmoid. 
The maximum flux occurs at a frequency where the optical depth is approximately 
unity (from Pacholczyk 1979)
OzTOTAL flux  density  
•  =CLARK £T AL-I I97b | 
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d en sity
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Figure 4.32b: Model of a compact, flat spectrum radio source as a superposi­
tion of four opaque synchrotron emitting regions. Circles represent the observed 
spectrum of 0735 +  178, while crosses represent the flux of the four components 
A, B, C and D. Taken from figure 3 of Cotton et al. (1980).
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relativistically beamed, but th a t the differences in spectral index are intrinsic to 
the radio core and not due to orientation or beaming effects.
4.4.2: Core prominence and spectral index.
Consider the case in which the flat spectrum  cores and steep spectrum  cores 
in our sample are intrinsically identical and relativistic beaming serves to boost 
radiation from the opaque component in the flat spectrum  cores. The steep spec­
trum  cores receive contributions to their flux-density from a weak optically thick 
com ponent plus an optically th in  component. This produces a steep spectrum  
core (at least at the frequencies considered here). The flat spectrum  cores, how­
ever, receive a contribution from a boosted opaque component plus an optically 
th in  component. In such a scenario, the flat spectrum  cores are expected to ap­
pear more powerful or more prom inent with respect to the to ta l emission than 
the steep spectrum  cores (O rr and Browne 1982).
Figure 4.33a presents the ratio  of core to to ta l flux density at 5 GHz as a 
function of spectral index for the sources in our sample. Clearly the flat spectrum  
cores are not more prom inent than  the steep spectrum  cores. If anything, many 
of the less prom inent cores have upper limits to their spectral index suggesting 
th a t there may be a trend in the sense th a t prom inent cores have steeper spectral 
index (greater a )  than  less prom inent cores. This runs counter to the beaming 
hypothesis which implies th a t flat spectraum  cores are relativistically beamed 
and hence m ust appear more prom inent than  steep spectrum  cores.
Similarly for the core power as a function of spectral index (shown in figure 
4.33b) the flat spectrum  cores are not system atically more luminous than  the 
steep spectrum  cores.
To summarise: we have discussed the nature of the radio emission from 
the unresolved cores of our radio galaxies. We observe th a t the cores in our 
radio galaxies show no trend  of increasing prominence or increasing core power 
w ith flatter spectral index. This does not support the hypothesis th a t the flat 
spectrum  cores in our sample are relativistically beamed. A further test of the 
beaming hypothesis is furnished by examining the projected linear sizes of our 
radio sources els a function of core spectral index. This is discussed in the next 
section.
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F igure 4.33a: Ratio of core flux density to to ta l flux density at 5 GHz plotted 
as a function of core spectral index. F lat spectrum  cores are not more prom inent 
than  steep spectrum  cores.
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F igure 4.33b: Core power at 5 GHz as a function of core spectral index. Flat 
spectrum  cores are not more powerful than  steep spectrum  cores.
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4.5: Radio Source lengths.
If relativistic beaming does enhance the apparent luminosity of the opaque 
com ponent w ithin the radio cores in our sample, then it might be expected tha t 
flat spectrum  cores are preferentially associated with radio sources of small pro­
jected length. Beamed sources m ust preferentially lie at small angles to the line 
of sight ( e.g. Schilizzi and deBruyn 1986, B arthel et dl. 1986).
In the section 4.5.1 we discuss various factors affecting radio source lengths 
and compare our sample with other studies. In section 4.5.2 we compare the 
projected lengths of flat spectrum  core sources with those of steep spectrum  core 
sources.
4.5.1: Discussion of radio source lengths.
Theoretical treatm ent of the growth of radio sources has tended to con­
centrate  on class II radio sources. This is presum ably because they dom inated 
early flux lim ited surveys (such as the 3C survey) and hence have received more 
a tten tion  from theoreticians and observers alike.
The general form of class II radio source models is of high velocity beams of 
plasm a im pacting on the intergalactic medium. The point of im pact is m arked 
by a working surface w ith a high radio surface brightness commonly referred 
to as “hotspots.” The m otion of the hotspots into the intergalactic medium is 
commonly assumed to be governed by ram  pressure balance (B landford and Rees 
1974). The velocity of the hotspots, and therefore the growth ra te  of the radio 
source depends very much on the density of the external medium and assum ptions 
as to the evolution of the hotspot size. For example in Scheuer’s (1974) model A 
the beam  is assumed to possess a  constant opening angle. As the working surface 
progresses outwards the velocity of the head falls off as Vh oc D ~ l . Baldwin 
(1982) modified this model to include a medium which falls off in density causing 
the head to decelerate less rapidly w ith distance. This modification attem pts 
to  reconcile the Scheuer model w ith the distribution of 3CR radio sources in the 
power vs. linear size plane. A more recent model due to Gopal-Krishna and W iita 
(1987) examines the evolution of a beam  through a galactic halo in to  a hot, low 
density intergalactic medium. The salient feature of all of these models is th a t the 
evolution of a class II radio source depends not only on the power in the beam , but 
also on the environment through which the beam  propogates. This is thought to 
produce a cosmological effect (distinct from cosmological geometry) in th a t radio 
sources of a given power are smaller w ith increasing redshift {e.g. K apahi 1985). 
This effect has been a ttrib u ted  to a ho tter and denser intergalactic medium at 
earlier epochs (W iita and Gopal-Krishna 1987; Barthel and Miley 1988).
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A recent study by Oort et al.( 1987) finds th a t radio source size, for a given 
radio power decreases, as (1 +  z )~ 3. In addition to an anti-correlation between 
radio source size and redshift, Oort et al. (1987) present evidence for a correlation 
between radio source size and radio power in the sense: D  oc P 03 . This correla­
tion may not be saying anything profound about radio source size. It may merely 
be true th a t for optically th in  radio sources the radio power is proportional to 
the em itting volume. W ithout making any physical claims, we only intend to 
compare our linear size d a ta  with those of Oort et al. (1987) in order to establish 
the credibility of our measurements.
Figure 4.34 presents a plot of to ta l power at 1.4 GHz as a function of linear 
size for the sources in our sample. The linear sizes are taken from table 3.9b and 
we have normalised our length determ inations to a redshift of 2  =  0.08 (following 
O ort et al. (1987)) using a (1 +  z )~3 law. Different symbols represent different 
morphological classes. There appears to be no difference in the distribution of 
projected linear size with morphological class. We have tested for a correlation 
between linear size and to ta l power within our sample. The results depend on 
the statistical test employed. A Cox proportional hazard test* (Isobe et al. 1987) 
yields a significance for the correlation of 75%, while K endall’s generalised tau 
test* yields a significance of 98% for the correlation. Clearly there is room  for 
argum ent but we prefer to take the conservative line and do not claim a significant 
correlation w ithin our d a ta  set. A line of best fit perform ed using Buckley-James 
regression* yields D (z  =  0.08) oc p °-24±0-12 which is consistent w ith the relation 
D{z = 0.08) oc P 0-31 found by Oort et al. (1987).
This correlation may be induced by selection effects. A lthough our use of 
upper limits does include inform ation on unresolved sources there m ay be other 
populations of sources such as large low-luminosity sources which are excluded 
from our sample because of the selection criteria, or even because of the way in 
which radio sources are discovered. Oort et al. (1987) claim th a t their results are 
not induced because they are derived from independent surveys.
Oort et al. (1987) obtained these results using median values from their own 
d a ta  (the Leiden-Berkeley Deep-Survey) plus published results from other surveys 
(Gavazzi and Perola 1978, Machalski and Condon 1985). It is interesting to 
compare our sample with the results from these surveys. Figure 4.35 reproduces 
figure 9b in Oort et al. (1987) The filled circles are taken from th a t publication 
(corrected to Ho =  100 k m s '1 M pc- 1 ). The open circle represents the median 
radio power and median linear size of our sample. Clearly, the linear sizes derived
* These statistical tests take into account upper limits and are discussed in 
chapter 6.
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from our sample are in agreement with values and trends found in these other 
statistical studies.
Finally we note the form of the projected linear size distribution function 
shown in figure 4.36 It follows an exponential distribution with a 125.5 kpc scale 
size. The x 2 value for this fit is consistent w ith the theoretically expected value. 
The form of this size distribution is in agreement with th a t which Ekers and 
Miley (1977) derive from 3C radio sources. We briefly note th a t for a uniformly 
oriented population the effects of projection do not significantly alter the shape 
of the linear size distribution. Hence the deprojected linear size distribution is 
expected to follow an exponential distribution with a scale size of around 200 kpc.
4.5.2: Source length and spectral index.
We have already discussed the expected preference for relativistically beamed 
radio cores to  be associated with radio sources of small projected linear size. In 
figure 4.37 we present two frequency histograms of projected linear size for the 
radio sources in our sample. The histogram  in figure 4.37a is for radio sources with 
flat spectrum  cores while figure 4.37b represents radio sources w ith either steep 
spectrum  cores or undetected cores. Unresolved sources are represented by arrows 
in their appropriate histogram  bins. The difference between the two distributions 
is evident. We have applied a num ber of non-param etric two-sample tests which 
take into account upper limits (Feigelson and Nelson 1985) and all show the two 
distributions to be significantly different to b e tte r than  99.9% confidence. We 
note here th a t our definition of flat-core (a  <  0.5) and steep core (a  > 0.5) is 
consistent w ith the bim odality in the core spectral index distribution discussed 
in chapter 3. The definition of the two samples is therefore not arb itrary  and the 
difference between the projected size distributions for the two samples is not a 
function of an arb itrary  definition.
In figure 4.37 we have included three sources w ith undetected cores (at both 
1.4 GHz and 5 GHz) in the population of steep spectrum  cores because, according 
to the beaming hypothesis radio sources w ith weak cores belong to the same 
class as sources w ith steep spectrum  cores. T hat is, sources w ith weak cores 
an d /o r steep spectrum  cores are oriented at large angles to the line of sight. 
Removing the sources with undetected cores from the sample does not change 
our conclusion th a t the projected size distribution for the steep spectrum  core 
sources is significantly different from the projected linear size distribution for the 
flat spectrum  core sources.
The most striking result here is the absence of flat spectrum  core sources 
with small projected linear size. It appears th a t the presence of a flat spectrum  
core is not an indicator of relativistic beaming. However, this argum ent alone
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Figure 4.34: Radio source length plotted as a function of total power at 1.4 GHz. 
Open circles represent class I sources, filled circles represent class II sources while 
stars represent class I/II sources. Crosses with arrows represent upper limits.
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Figure 4.36: The distribution of projected radio source sizes in our sample.
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Figure 4.37: The distribution of projected radio source sizes for sources 
with a) steep spectrum cores and b) flat spectrum cores. The distributions are 
different at the 99.9% significance level. Arrows represent upper limits on source 
size.
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cannot prove tha t relativistic jet velocities do not occur in these radio galaxies. 
It m ay be th a t most of these radio galaxies are oriented at large angles to the 
line of sight as in the “unified” model of Barthel (1989).
Finally we note the paper of Fanti et al. (1989) which uses similar argum ents 
to those employed above to show tha t compact steep spectrum  radio sources are 
intrinsically small sources and not shortened by projection effects. Note, however 
th a t our SSC sources do not generally fall into the class of compact steep spectrum  
sources since m any of our SSC sources are much larger than  the 10 kpc size limit 
generally applied to the class of compact sources ( e.g. Saikia 1987). There are 
obvious parallels between the two types of radio source which are discussed in 
more detail in chapter 7.
4.6: Conclusions.
In this chapter we have presented a m ethod of spectral index aging analysis 
due to Cameron (1988) which takes into account variations in m agnetic field 
strength  and density along the flow and is thus more self-consistent than  other 
m ethods of aging analysis presented in the literature. We derived flow velocities 
and ages for 10 selected radio sources in our sample. In general the aging analysis 
works b e tte r for class II backflows than  for the four class I je ts included in our 
analysis. This is almost certainly because our assum ption of an adiabatic flow 
w ith no particle acceleration is not valid for class I jets. This assum ption does 
appear to be valid in the class II backflows which we study. In all cases we check 
the consistency of our aging analysis by determ ining whether the equation of 
continuity is satisfied in the flow. It is indeed satisfied in most cases.
The results of the spectral aging analysis are used in an energy budget anal­
ysis for several selected class II radio sources. Our comprehensive energy budget 
analysis for class II radio sources includes the internal energy of the lobe, the ki­
netic energy of the backflow (w ith respect to the intergalactic m edium ), the work 
perform ed in inflating the lobe and the power radiated  in synchrotron and inverse 
com pton emission. Although we do not know the velocity of the backflow with 
respect to the intergalactic m edium  we find th a t it is possible th a t the kinetic 
energy in the backflow is the dom inant form of energy in the source.
We find tha t the radio lum inosity accounts for at most, only a few percent 
of the energy budget of the class II radio sources for which we have velocities 
and ages. This finding agrees w ith the results of Rawlings (1987) for a sample of 
radio sources which is more powerful than  our sample by an order of m agnitude 
or more. There is no evidence for any dependance w ith radio power of the ratio 
between radio luminosity and je t power in class II sources. We note th a t Bicknell
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e t dl. (1989) find a generally much larger ratio  of radio luminosity to jet power 
in a sample of class I radio sources. Based on this observation we suggest tha t 
the fraction of jet power which goes into radiation is prim arily a function of the 
morphological class of the radio source.
The second part of chapter 4 presented a statistical discussion of the radio 
cores and their relation to the large scale radio emission. In particular we exam ­
ined the spectral index of the radio cores as a function of their relative prominence 
in the radio source. We also examined the relationship of core spectral index to 
the linear size of the radio source. We do not find any correlation of the spectral 
index of the core w ith core radio power or w ith to ta l radio power. There is a 
suggestion of a trend  of increasing core prominence w ith steepening core spectral 
index, but we find no significant correlation between these two quantities. On 
comparing the distribution of projected linear size for radio sources with steep 
spectrum  cores with those for radio sources w ith flat spectrum  cores we find the 
steep spectrum  core sources have a size distribution which is significantly more 
peaked toward smaller size than  the flat spectrum  core sources. Both these re­
sults are in the opposite sense to what would be expected if the flat spectrum  
radio cores in our sample are beam ed as a result of relativistic motion close to 
the line of sight (as in the unified model commonly invoked for quasar cores). 
We thus conclude th a t orientation effects and relativistic beaming effects are not 
im portant in determ ining these relations in our sample. The likely alternative is 
th a t the spectral index of the radio cores in our sample is determ ined by processes 
intrinsic to the radio cores.
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Chapter 5:
Optical observations.
5.1: Introduction.
U ntil recently, the association between optical emission lines in early-type 
galaxies and radio emission has been largely based on studies of powerful radio 
galaxies such as those found in the 3CR catalogue. The qualitative study by 
Hine and Longair (1979) examines the optical spectra of a complete sample of 
Cam bridge 3C radio sources. They define two classes of optical spectra  based 
upon w hether strong emission lines are observed. Longair and Riley found tha t 
strong emission lines are observed in the 3C radio galaxies more often than  in 
“norm al” ellipticals. Furtherm ore, they note th a t radio galaxies w ith class II 
morphology in particular generally exhibit strong emission lines.
Q uantitative work on emission line ratios in radio galaxies galaxies is pre­
sented by Grandi and O sterbrock (1978). These studies address galaxies which are 
known to exhibit strong line emission. The spectra of the radio galaxies in these 
studies were found be similar to those of Seyfert galaxies. More recent statistical 
studies of emission lines in 3CR radio galaxies have been carried out be Rawlings 
(1987) and Baum et al. (1988) and Baum and Heckman (1989a,b) The work of 
Rawlings (1987) establishes a  quantitative correlation between [OIII] emission line 
strength  and the jet power in class II radio sources. Baum et al. (1988) present 
a statistical study of H o-f [NIIJA6548+84 emission (hereafter Ha-f[NII]emission) 
and the spatial distribution of the emission line gas in a sample of high power 
sources largely chosen from the 3CR catalogue.
A num ber of investigators ( e.g. Heckman 1980, Phillips et al. 1986), taking 
advantage of advances in detector sensitivity, have recently tu rn  their a tten tion  to 
the incidence of emission lines in “norm al” (be. radio quiet) early type galaxies.
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Phillips et al. (1986) carried out a sensitive spectroscopic survey of an optically 
selected sample of 248 early type galaxies and found th a t as many as 50% of E and 
SO galaxies exhibit H a and [Nil] A6584 emission down to a level of 0.5 A equivalent 
w idth. This study shows a correlation between the emission line luminosity and 
to ta l blue luminosity of the host galaxy. Furtherm ore, it is found th a t although 
the galaxies detected at radio wavelengths are more likely to exhibit emission 
lines, there is no evidence for a direct correlation between radio luminosity and 
emission line luminosity in these sources.
Our aim is to study the emission lines in our sample of interm ediate power 
radio sources in an a ttem pt to augm ent the emission line studies already carried 
out on powerful radio sources and optically selected samples of elliptical galaxies 
which are weak radio em itters. We wish to determ ine quantitatively  whether 
there is a direct correlation between emission line luminosity and radio power 
and w hether this correlation differs between class I and class II radio sources. We 
also wish to examine the excitation level of the emission lines in these sources. It 
would be useful to establish w hether or not there is a correlation between radio 
power and the level of excitation in the emission line gas.
5.1.1: Instrum ental requirements.
A num ber of requirem ents m ust be met to realistically carry out our spectral 
survey in the time available.
The first requirem ent is for a large enough database to make meaningful and 
significant statistical inferrences. Conflicting with this requirem ent is the need 
to complete the task within the three years alotted for a Ph.D . project. This 
requires a high efficiency bo th  in collecting and reducing the data. The faintness 
of many of our galaxies means th a t access to a 4m telescope is essential.
In order to compare our results w ith those obtained for radio quiet ellipticals 
we require da ta  at least as sensitive as those of Phillips et al. (1986). Another 
m otivation for high sensitivity is the need to obtain redshifts for all the galaxies 
in our sample. Some of these do not exhibit emission lines and accurate redshifts 
are derived from stellar absorption features.
Finally, we require a wide spectral coverage to obtain d a ta  on some of the 
more im portan t emission line ratios from the [Oil] doublet at 3727+9 A through 
to the [SII] doublet around 6717+31 A. It is desirable to observe this range 
sim ultaneously to negate the effects of varying w eather conditions on the resulting 
line ratios.
The ideal instrum ent for this study is the Anglo-Australian Telescope (the 
AAT) using the Faint O bject Red Spectrograph in conjunction w ith the RGO
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spectrograph. This combination yields the required spectral coverage and is ar­
guably the most sensitive red spectrograph available.
In the next section we describe the instrum ental setup and observing s tra t­
egy. Section 5.3 describes the da ta  reduction process while sections 5.4 and 5.5 
present the results.
5.2: Instrumental parameters.
We used a dual beam  system with the RGO spectrograph m ounted at the 
cassegrain (//8 ) focus of the 3.9 m etre Anglo-Australian Telescope. A fter passing 
through the spectrograph slit, the beam  is split at around 5400 Ä by a dichroic 
m irror.
The blue beam  is reflected by the dichroic m irror into a m edium  resolution 
spectrograph (the RGO spectrograph) while the red beam goes to the low resolu­
tion Faint Object Red Spectrograph (FORS). D ata from the RGO spectrograph 
is used to obtain redshifts for the galaxies in our sample as well as emission line 
d a ta  in the spectral range 3600 Ä to 5400 Ä. The param eters of this instrum ent 
are discussed in section 5.2.1. In section 5.2.2 we discuss the FORS param eters.
Hereafter, the detector axis parallel to the spectrograph slit is referred to as 
the spatial axis. The axis perpendicular to the slit is referred to as the spectral 
axis.
5.2.1: T he R G O  spectrog raph .
The RGO spectrograph is described in detail in the A AT RGO spectrograph 
user guide. We give here a brief description of the particular param eters used for 
our observations. The chosen param eters for the RGO spectrograph are m oti­
vated by the need to obtain  accurate redshifts from the blue part of the spectrum  
(in particular the Ca II H and K lines and the CN g band) while sim ultaneously 
complementing d a ta  obtained from FORS.
The grating used was a 600 line/m m  grating (at first order, oriented with 
blaze to collimator) w ith a blaze wavelength of 5000 Ä. This grating is designated 
the “600V grating.” W ith  the 25cm camera, the 600V grating gives a nominal 
dispersion of 66 Ä /m m  (constant w ith wavelength). The detector is the Image 
Photon Counting System (IPCS, Boksenberg 1978), a two dimensional, four stage 
image intensifier optically coupled to a television camera. W ith a usable physical 
size of 30 mm, the IPCS yields a to ta l spectral coverage of 1950 Ä for our in­
strum ental setup. The grating angle was set so as to yield a coverage from about 
3650 Ä to 5600 Ä. This range includes the im portant [Oil] emission line doublet
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at 3727 Ä and allows an overlap with the FORS coverage at the red end of the 
spectrum . The nominal resolution of this setup is 2.3 Ä (for a vanishingly small 
slit w idth). M easurements of the full-width at half m axim um  of the arc lines 
indicate, th a t our typical operating resolution is 4.8 Ä.
The IPCS detector was set to a form at of 112 spatial pixels by 2048 spectral 
pixels yielding approxim ately 0.97 angstroms per pixel. This ensures tha t the 
spectral lines are adequately sampled. The pixel size in the spatial direction is 
1.2 arcsec.
The efficiency of the system is prim arily determ ined by the quantum  effi­
ciency of the IPCS and losses within the optical elements of the camera. The IPCS 
quantum  efficiency is approxim ately 15% at 3600 Ä, peaks at 20% at 4000 Ä and 
falls sharply to approxim ately 5% at 5500 Ä. The absolute grating efficiency for 
the 600V grating peaks at 5000 Ä where it is approxim ately 73%. E x trapo lat­
ing the grating efficiency into the red and blue we obtain approxim ately 65% at 
4000 Ä and 55% at 3600 Ä. The various optical surfaces in the 25 cm camera 
plus vignetting further reduces throughput by about 33%. Finally we note that 
the reflectance of the dichroic m irror is around 95% in the blue. Combining all 
these figures yields an efficiency for this spectrograph/cam era/detector system of 
approxim ately 4% at 4000 Ä. This is the peak value, it drops to 3% at 3600 A and 
about 1% at 5500 A.
5.2.2: The faint object red spectrograph (FORS).
The FORS is in tegrated with the RGO spectrograph and shares the same 
light pa th  through the slit to the dichroic mirror. It is described in detail in the 
AAT CCD users m anual.
The FORS is a fixed form at system with a grism disperser and a GEC CCD 
detector. The spectral coverage is fixed at 5200 A to l.lfum.  The dispersion 
is nominally 454 A/mm (10 A per pixel) over 576 pixels. M easurem ents of the 
full-width at half m axim um  of arc lines taken during observations show tha t the 
spectral resolution of the instrum ent varies from 20 A (FW HM ) at 7000 A to 
about 30 A (FW HM ) at l^m . W ith a pixel size of 10 A, the spectrum  is ade­
quately sampled.
The spatial scale is 1 arcsec per pixel over 385 pixels. The to tal efficiency of 
the system (telescope plus spectrograph plus detector) is 12% at 7000 A. Com­
parison w ith the RGO spectrograph shows th a t the FORS is at least an order of 
m agnitude more efficient in the red part of the spectrum .
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Table 5.1: A AT Observing Schedule.
D a t e S e e in g
(arcsec)
W e a th e r A p p r o x .  R .A .  range  
o b s e r v e d .
10 Jun. 1986 1 to 2 Clear l l h30m to 24h
11 Jun. 1986 1 to 1.5 Cirrus cloud l l h30m to 21h
29 Jan. 1987 1 to 3 Clear 02h to 13h30m
17 Jan. 1988 1 to 2 Clear 03h to 16h
11 Jul. 1988 2 to 3 Clear 12h to 03h
12 Jul. 1988 2 to 3 Clear 11 30m to 02h30m
The quantum  efficiency of the CCD varies from 5% in the blue to 30% at 
wavelengths redw ard of 4500 Ä. The readout noise is 6.5 electrons. The CCD 
chip is a front illum inated “thick” chip which does not require fringe removal.
5.2.3: Observing strategy.
Our observing schedule is shown in table 5.1. Estim ates of the seeing were 
m ade throughout each night using the AAT seeing monitor. During each observ­
ing run a num ber of calibration images were obtained. Long exposure flat-field 
images of a tungsten continuum  lamp were made before and after each night of 
observing. These “flat-field” images are used to remove pixel-to-pixel sensitiv­
ity variations in the detectors. Twilight sky exposures were made to calibrate 
vignetting along the spatial axis of the spectra. Bias exposures were made to 
sub tract the CCD bias from the FORS data.
A num ber of calibration stars were observed during each run. Two or three 
velocity standards were observed during twilight on each night (see table 5.2a). 
Table 5.2c lists sm ooth spectrum  stars (B stars) which were observed for the 
purpose of removing atm ospheric absorption features in the red part of the spec­
trum . These were observed at different airmasses throughout each night with 
the FORS. Flux standard  stars were observed at regular intervals throughout the 
night using both  the FORS and the IPCS (see table 5.2b). Exposure times for 
these standards are typically three hundred seconds.
We also observed three galaxy standards (see table 5.2d). These are bright, 
nearby, early type galaxies which are known to not exhibit emission lines to 
faint detection limits. These are used as stellar tem plates to sub tract a stellar 
continuum  from our program m e galaxies. Typical exposures for these objects are 
1000 seconds.
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Table 5.2a: Velocity Standard Stars.
N am e R .A . D ec.
HD9138 01 27 34.2 +05 53 06
HD26162 04 06 15.3 + 19 28 44
HD80170 09 14 58.6 -39  11 31
HD92588 10 38 50.6 -01 28 49
HD101021 11 34 40.1 -61 00 31
HD104893 12 02 09.1 -28  54 28
HD107328 12 17 48.0 +03 35 18
HD114762 13 09 53.1 + 17 46 50
Table 5.2b: Flux Standard Stars
N a m e R .A . D ec.
HR718 02 25 29.6 +08 14 09
Feige 24 02 32 30.8 +03 30 51
HD33771 05 09 06.8 -37  52 41
L745-46A 07 38 05.0 -1 7  17 45
L970-30 11 05 27.8 -04  53 07
W485A 13 27 37.4 -08  18 54
HD140283 15 40 20.2 -10  46 28
LDS749B 21 29 42.3 +00 01 54
L930-80 21 44 58.1 -07  58 07
Feige 110 23 17 23.2 -05  26 23
Table 5.2c: Smooth Spectrum Standard Stars.
N a m e R .A . D ec .
HD4306 00 42 55.4 -09  49 09
HD104893 12 02 09.1 -28  54 28
CD-37.7667 12 05 17.7 -38  23 43
CD-37.14010 20 54 17.6 -36  44 34
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Table 5.2d: Galaxy Standards.
N a m e R .A . D ec.
NGC1375
NGC1549
NGC4832
03 33 21.0 -3 5  25 53
04 14 38.7 -5 5  42 55
12 55 00.1 -3 9  29 32
Finally, comparison arc lamps (Copper-Argon or Iron-Argon) were exposed 
after each frame to provide wavelength calibration. The FORS is a stable instru­
m ent requiring the use of only a few arcs each night. FORS arcs were exposed 
after each frame for our first nights observations and the results from these con­
firmed the stability of the instrum ent to be tte r than  ~  0.1 Ä for the whole night.
For program m e objects (he. the radio galaxies) exposures were made as 
close to culm ination of the object as possible. Exposures for each frame were 
typically 1000 seconds (never longer). Objects fainter than  m agnitude 16 were 
exposed for at least two frames w ith an IPCS comparison arc being taken between 
them . M ultiple frames of objects are added during the reduction process after 
wavelength calibration and rebinning to a linear scale.
5.3: Data reduction.
In the following discussion it is convenient to refer to the blue, medium 
resolution spectra as the “IPCS” spectra, and the red, low resolution spectra as 
the “FO R S” spectra. The reduction procedure is slightly different in the two cases 
due to instrum ental differences and the need to remove atm ospheric absorption 
features in the FORS data. We first discuss the IPCS reduction procedure.
5.3.1: IPCS data reduction.
The first step in the IPCS d a ta  reduction is to remove system atic pixel- 
to-pixel variations by dividing each frame by a flat-field image. The flat-field 
image is generated from a num ber of long exposures of a tungsten lamp. Large 
scale variations due to vignetting and spectral response are divided out of the 
d a ta  using a polynomial surface fit. The combined exposures are long enough 
th a t pixel-to-pixel variations are due mainly to instrum ental sensitivity variations 
ra ther th an  photon noise. This procedure considerably improves the signal-to- 
noise ra tio  in IPCS data.
V ignetting in the spatial direction is removed using an exposure of the tw i­
light sky. The spectral bins are averaged to yield a vignetting function which
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is fitted with a polynomial. This polynomial is then used to divide out the vi­
gnetting function in all other frames.
The next step is to calibrate the wavelength scale using the arc frames. A 
polynomial fit of wavelength as a function of spectral bin for each spatial bin in 
each arc frame is applied to the corresponding object frame which is rebinned 
to a linear wavelength scale. The polynomial fits typically have rms residuals of 
around 0.1 Ä to 0.2 Ä (corresponding to a velocity error of 10 to 20 km /s). As 
well as providing an absolute wavelength scale, this step eliminates the effects of 
any residual “S” distortion in the image tube and rotational misalignment of the 
image tube.
Sky subtraction is perform ed using a m ean night sky spectrum  summed from 
outlying spatial increments of each frame. Care is taken th a t the sky increm ents 
are not contam inated by stars or other galaxies. In a few cases where the galaxy is 
particularly extended the “sky” increments may contain some stellar component 
from the galaxy. This com ponent is however, too weak with respect to the sky 
to significantly affect the sky subtraction.
At this point, the stellar continuum  of each galaxy frame is summed into 
a one dimensional spectrum  for determ ination of the galaxy’s redshift. This 
procedure is discussed in the next section.
Before carrying out flux calibration, the atmospheric extinction for each 
frame (program m e galaxies and flux standards) is removed using the AAT atm o­
spheric extinction spectrum  supplied in Fig a r o . Based upon the mean airmass 
for each exposure, count rates are corrected to zero airmass values.
Flux calibration of the d a ta  is performed using a num ber of exposures of 
white dwarf standards. The standard  stars used are listed in table 5.2b Typically 
five flux standards were observed at regular intervals throughout each night. 
The spectral response of the instrum ent is calculated by comparing the spatially 
summed spectra  of the flux standards w ith published tabulations of the standard  
spectra (Oke and Gunn 1983). The m ean spectral response calculated from all 
flux calibrators for a given night has a standard  error of around 10%, indicating 
the acceptable photom etric quality of each observing run. This is consistent with 
the good w eather conditions a t the tim e of our observations.
For each night, a m ean spectral response is calculated and applied to all 
frames to produce da ta  calibrated to an absolute flux scale.
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5.3.2: FORS data reduction.
FORS da ta  reduction involves a num ber of extra  steps because of the nature 
of the detector and because of the need to extract atmospheric absorption in 
the red part of the spectrum . The first step is to inspect and “clean” each 
image of cosmic ray events. These events are removed from the image by linear 
interpolation across the affected pixels. Interpolation is carried out only in the 
spatial direction where variations in light intensity across the pixels is likely to 
be small. Next, the bias frame (a composite of many zero exposure frames) is 
scaled and subtracted from the frame. The bias frame is scaled using the count 
ra te  in the overscan regions of the CCD. Finally, the frame is flat-fielded in the 
same m anner as for the IPCS data.
All FORS arc spectra for the night are added and lines identified to establish 
a wavelength scale as a function of spectral bin. This wavelength scale is then 
applied to all FORS frames and the d a ta  rebinned to a linear wavelength scale.
Sky subtraction is somewhat problem atical in the red for some of our pro­
gramme objects with low signal-to-noise ratios. It is very difficult to satisfactorily 
remove strong night sky emission lines redw ard of 8000 Ä. This is especially true 
for the H2 O molecular bands. An example night sky spectrum  is shown in fig­
ure 5.1. As with the IPCS data, the night sky spectrum  is obtained by summing 
spatial increm ents at the edges of the frame. Scaling the m ean night sky spec­
trum  is difficult because of the presence of sky absorption features (so th a t a mean 
night sky spectrum  subtracted  from night sky increm ents yields a negative count 
rate). This difficulty is avoided by using the prom inent [01] night sky emission 
line at 5577 Ä to scale the night sky spectrum  before subtraction.
Sky absorption is removed from the d a ta  using exposures of smooth spectrum  
B stars. The B star frame is summed into a one dimensional spectrum . The 
continuum  is fit “by eye” w ith a spline function and divided out of the spectrum . 
All continuum  bins are then set to a value of unity  leaving a tem plate spectrum  
which is unity  everywhere except for the absorption bands. An example of such 
a tem plate is shown in figure 5.2. After appropriate scaling, each d a ta  frame 
is divided by the absorption tem plate to eliminate the absorption bands. The 
scaling factor takes into account the effects of different airmass. The depth of 
the absorption lines vary w ith airmass, their degree of saturation  and weather 
conditions. The scaling factor applied is (sec £)^, where £ is the zenith distance 
and ß is a factor which depends on the degree of saturation  of the line. The 
factor ß  varies between 0.5 and 1. A further complication is the fact th a t the 
different absorption bands in each spectrum  have different degrees of saturation 
and therefore require different values of ß. In practice, we optimise ß  to remove
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6000 8000
W avelength A ngstrom s
F igure 5.1: Example sky spectrum  illustrating the plethora of night sky emission 
and absorption features in the red part of the spectrum . The spectrum  is not 
flux calibrated.
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O
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6000 8000
W a v e l e n g t h  A n g s t r o m s
F igure 5.2: An example of a tem plate used to remove atm ospheric absorption 
bands from FORS spectra. This was generated from an observation of the star
HD33771.
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the strongest absorption feature (the atmospheric B band in figure 5.2) and this 
usually suffices for the other features. In addition we attem pt to use an absorption 
tem plate taken at a similar airmass to the object frame. The success of this 
operation is, to a large extent, due to the stable weather conditions at the time 
of our observations.
Finally, the frames are corrected for atmospheric extinction and flux cali­
b ra ted  using flux standard  white dwarf stars in the same m anner as the IPCS 
data.
5.4: Redshift determination.
After wavelength calibration and rebinning, the two dimensional spectra of 
our programme objects and velocity standards are added into one dimensional 
spectra. Redshifts are obtained from the stellar absorption lines in these one­
dimensional spectra using the cross correlation technique of Tonry and Davis 
(1979).
The first step is to remove all emission lines from the spectrum  by replaceing 
each emission line by a linear interpolation of the continuum. This ensures tha t 
the resulting redshifts are those of the stellar component of the galaxy free from 
any effects th a t strong emission lines may have on the cross-correlation function.
Each spectrum  is rebinned onto a logarithmic wavelength scale and the con­
tinuum  is subtracted. We determ ine the continuum  autom atically by iteratively 
fitting a fifth order polynomial to the spectrum  and rejecting points lying more 
than  2.5 sigma from the fit. Five iterations are sufficient to produce a satisfactory 
fit which is subtracted  from the spectrum . The wavelength scales of the velocity 
standard  stars are shifted to zero radial velocity w ith respect to the Sun.
Radial velocities are derived from cross-correlations of the galaxy spectra and 
stellar spectra using the technique described by Tonry and Davis. Included in 
the cross-correlation is m ultiplication of the spectra by a “cosbell” function and 
filtering of the spectra using a trapezoid filter (in the fourier domain). Cosbelling 
multiplies the end 10% of each spectrum  by a function tending sm oothly to zero. 
This suppresses ringing in the cross-correlation function which would be present 
if the data  were simply truncated.
The trapezoid filter removes low frequency (continuum ) variations as well as 
high frequency noise from the spectra. The shape of the filter is shown in figure 
5.4 and is defined by four param eters expressed in units of wavenumber. The low 
wavenumber ( k i) defines the s ta rt of the non-zero portion of the filter, a steep 
linear ram p up to the second wavenumber (^2 ) where the filter takes a value of
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F igu re 5.3: Power spectrum  of HD114762. The power spectrum  flattens for 
wavenumbers greater than  500 indicating th a t noise dom inates the spectrum  in 
this part of the fourier domain. W avenumber has been binned logarithmically for 
clarity.
1000
Wavenumber
F igure 5.4: Filter applied to  spectrum  during cross-correlation. The param eters 
are described in the text.
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unity. The th ird  wavenumber (£ 3 ) defines the start of a shallower ram p down to 
the high wavenumber cutoff (fc4). All spectral features with wavenumbers above 
the high wave num ber cutoff and below the low wavenumber cutoff are excluded 
from the cross-correlation function. Typical values for kt used in our analysis are:
k\ =  10, ki — 20, £ 3  =  100, /c4  =  500.
The value of the high wavenumber cutoff is selected by examining the power 
spectrum  of an object (see for example the power spectrum  in figure 5.3) and 
determ ining an approxim ate wavenumber where the noise starts  to dom inate the 
spectrum .
A useful param eter to assess the quality of our redshift m easurem ent is the 
Tonry and Davis “i?” param eter representing the ratio  of the peak of the cross­
correlation function to the am plitude of the anti-sym m etric part of the fourier 
transform . This is essentially a measure of signal-to-noise. Experience shows tha t 
radial velocities from cross-correlations with R  values less than  about 3 should 
be regarded with caution. Radial velocities derived using the cross-correlation 
technique are checked for consistency w ith the position of the 4000 Ä break in 
the spectrum  which is discernable in virtually all our spectra.
The value of R  is often sensitive to the filter used in the cross-correlation. 
The spectral type of the tem plate star can also be an im portant factor with 
some spectral types giving stronger cross-correlation peaks than  others. For each 
galaxy spectrum  we perform a grid of cross-correlations using different tem plate 
stars and a num ber of different filters. In general, variations in filter or tem plate 
star merely serve to vary the formal significance of the resulting velocity. In all 
cases w ith a high quality cross-correlation (R  > 3) the resulting velocities are 
found to be repeatable w ith sca tter be tte r than  the formal errors. Formal errors 
are calculated using the m ethod of Tonry and Davis, and lie typically in the range 
20 km /s to 50 km /s.
The redshifts for all galaxies in our sample are presented in table 5.3:
C olu m n s 1 &: 5: The PKS designation of the galaxy.
C olu m n s 2 &: 6: The redshift (or an estim ate of the redshift) of the galaxy.
Redshifts in parentheses are estim ates based on an apparent 
m agnitude-redshift relation for Parkes radio galaxies. See sec­
tion 5.4.1 for a discussion.
C olum ns 3 &: 7: Error estim ate from our cross-correlation analysis. These are 
the formal errors from the best cross-correlation run for each 
galaxy. Galaxies with listed redshifts but no listed error were
5-14
not observed by us. In these cases the redshifts are taken from 
the literature with references cited in table 2.3.
C olu m n s 4 &: 8: The value of the Tonry and Davis R  param eter from the best 
cross-correlation run for each galaxy. The stellar spectra of 
some galaxies do not allow an accurate estim ate of their red- 
shift. This is either because of poor signal-to-noise or because 
the spectrum  displays no significant stellar absorption. In some 
of these cases, an accurate redshift can be m easured using emis­
sion lines. These redshifts are designated by the symbol “e./” 
in these columns indicating th a t the redshift is derived from 
emission lines.
5.4.1: Redshift estimates for unobserved galaxies.
Five galaxies in our sample rem ain with no redshift m easurem ent. This is 
either because our observations were of insufficient quality to yield an acceptable 
redshift estim ate, or because the galaxy has not been observed. In these cases we 
have estim ated the galaxy redshift from the m agnitude-redshift relation derived 
from 288 galaxies in the Parkes catalogue with estim ated m agnitudes and known 
redshifts. The m agnitude-redshift relation is illustrated in figure 5.5 along with 
the line of best fit. The line of best fit gives the redshift, z, as a function of 
estim ated m agnitude, m:
2    ^q O. 1 9 m — 4.32
with a lcr sca tter about the fit of 5%. Assuming an error of 0.5 magnitudes 
in any one m agnitude estim ate (see chapter 2), the estim ated redshifts listed in 
table 5.3 would have a lcr error of around 10%. These estim ates are listed in 
table 5.3 enclosed in parentheses.
5.5: Emission line fluxes.
P art of the success of recent high sensitivity emission line surveys such as 
those of Heckman (1980) and Phillips et al. (1986) is due to subtraction of a 
suitable stellar tem plate from the spectra. This step is im portant for detecting 
weak emission lines which m ay be superposed on stellar absorption features. This 
effect is strongest for Balm er lines in the spectrum .
During our observations we obtained spectra of three early type galaxies 
which are known to not exhibit emission lines. These galaxies are listed in table 
5.2d The tem plate galaxy spectra  are reduced in exactly the same m anner as 
the programme objects. For each tem plate galaxy, the two dimensional spectral
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Table 5.3: Redshifts.
P K S  N am e R ed sh ift error R P K S  N am e R ed sh ift error R
0057-180 (0.133) 1254-300 0.0540
0108-142 0.0518 1258-229 0.1301 0.0001 4.7
0114-211 (0 .075) 1323-271 0.0433
0115-261 0.0534 1324-300 0.2001 0.0001 5.7
0116-190 0.2800 1329-328 0.0482
0208-240 0.2312 0.0002 3.5 1329-257 0.1939 0.0001 e. l .
0229-208 0.0900 1358-113 0.0374
0240-217 0.3140 1405-298 0.0874 0.0001 3.7
0247-207 0.0870 1414-212 0.1098 0.0002 5.1
0304-122 0.0788 0.0001 5.8 1417-192 0.1195
0307-305 0.0675 1423-177 0.1071 0.0001 9.4
0326-288 0.1083 0.0007 1449-129 0.0698 0.0001 8.5
0344-345 0.0538 0.0001 6.1 1517-283 0.1230
0349-278 0.0660 0.0001 1553-328 0.0652 0.0002 10.1
0424-268 (0.091) 1555-140 0.0962 0.0001 4.9
0434-225 0.0688 1654-137 0.1011 0.02 2.5
0449-175 0.0313 0.0001 10.3 1712-120 0.0579 0.0001 7.5
0453-206 0.0354 0.0001 9.5 2013-308 0.0888
0456-301 0.131 2030-230 0.1319
0502-103 0.0410 2040-267 0.0380
0511-305 0.0580 0.0001 5.1 2053-201 0.1564 0.0002 4.4
0521-329 0.2104 0.0001 4.1 2058-282 0.0385
0523-327 0.0758 2058-135 (0.046)
0533-120 0.1573 0.0002 4.3 2104-256(n) 0.0384 11.9
0545-199 0.0530 2104-256(s) 0.0389
0546-329 0.0369 2117-269 0.1039 0.0001 7.4
0548-317 0.0330 2134-281 0.0712 0.0001 8.6
0600-131 0.1497 0.0002 4.3 2159-335 0.1660
0611-254 0.1326 2206-237 0.0863 0.0002 4.9
0614-349 0.3290 0.0001 e . l . 2211-172 0.1532 0.0002 4.8
0634-205 0.0554 0.0001 3.9 2225-308 0.0549
0718-340 0.0297 2236-176 0.0745
0719-119 (0 .091) 2317-277 0.1744
0745-191 0.1280 2322-123 0.0821
0806-103 (0.133) 2331-240 0.0471
0915-118 0.0530 0.0002 3.7
0921-213 0.0530
1053-282 0.0610 0.0001 7.7
1103-244 0.2340 0.0001 3.3
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Figure 5.5: Redshift magnitude relation for 288 Parkes radio galaxies with 
known redshift. The solid line is a line of best fit.
5-17
frames are summed into a one dimensional spectrum . After shifting each of these 
spectra to zero redshift they are added to form a single early-type spectrum  with 
high signal to noise.
The stellar tem plate is only subtracted  from program galaxies which show 
significant stellar absorption features. In a few cases the continuum  spectrum  of 
the program  galaxy is dom inated by a featureless continuum  and no a ttem pt is 
made to  subtract a stellar tem plate from these sources. In all these cases, however 
the emission lines are extremely strong and so correction for stellar absorption is 
unim portant.
Each program  spectrum  is shifted to zero redshift for tem plate subtraction. 
Scaling of the tem plate spectrum  is achieved by fitting a polynomial continuum  to 
the quotient of the object spectrum  and the tem plate spectrum . The polynomial 
is fitted in an iterative m anner which rejects emission and absorption lines. In 
this m anner, differences between the continuum  of the object spectrum  and the 
tem plate spectrum  are removed without affecting the relative strengths of the 
absorption features. The resulting scaled tem plate is subtracted  from the object 
spectrum .
In subtracting a stellar component from our spectra we have not attem pted  
to take into account different absorption line strengths between the programme 
galaxies and the tem plate galaxies. Pickles (1983) has shown th a t there is a 
trend in the equivalent w idth of H a+H /? absorption with nuclear V m agnitude in 
early type galaxies in the Fornax cluster. The trend  is in the sense of increasing 
equivalent w idth w ith decreasing luminosity. This effect is essentially due to pop­
ulation differences in galaxies of different luminosities. Low luminosity galaxies 
have low m ean m etal abundance and their stellar emission is dom inated by blue 
early type stars around the m ain sequence turnoff. These early type stars ex­
hibit strong Balmer absorption lines. Conversely, high luminosity galaxies have 
a higher m ean m etal abundance and their stellar spectra are dom inated by later 
type stars w ith weak Balmer absorption. Pickles finds th a t the Balmer equivalent 
w idth varies by a factor of two over six m agnitudes in luminosity. The galaxies 
in our sample mostly lie w ithin the absolute m agnitude range -19 to -22. This 
range is only three m agnitudes and corresponds to larger luminosities than  the 
galaxies observed by Pickles. For this reason we expect the variation of Balmer 
absorption strength  for the galaxies in our sample to be very much less than  a 
factor of two. We also note th a t the tem plate galaxies are of similar absolute 
m agnitude to our program  galaxies. Hence we do not expect the subtraction of 
an average stellar tem plate spectrum  to introduce any system atic errors into our 
m easured Balmer line fluxes. We have tested this by seperately subtracting each 
tem plate galaxy from our radio galaxy spectra and comparing the corresponding
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emission line fluxes. The results show good agreement w ithin the errors expected 
from photon statistics.
In all cases we note tha t the Ca II H and K lines as well as the CN g band leave 
no significant residual after tem plate subtraction. Nor do unblended emission 
lines show significant departures from a gaussian profile. We are confident th a t 
no significant stellar absorption remains in the spectra.
The to ta l flux in each emission line is determ ined by fitting a straight line 
to the residual continuum  around the line and integrating numerically over the 
profile. Fluxes derived in this m anner are independant of any assum ptions about 
the shape of the emission line profile. Errors are estim ated from the residual 
noise in the spectrum .
For blended lines such as the [Oil] doublet at 3727+9 Ä, the [SII] doublet 
around 6717+31 A and the H a+[N II] group around 6560 A we derive to ta l fluxes 
by in tegrating over the profiles. In addition, we fit three gaussian lines to the 
H a+[N II] lines to derive the ratio  of [NII]6584 to H a. This process is described 
in detail in the next section.
The line fluxes are listed in table 5.4 in units of 10-15ergs cm -2 s- 1 . Upper 
limits are 3<t limits. Because we have two-dimensional spectra we are able to 
estim ate the spatial extent of any emission line gas along the spectrograph slit. 
Five of the galaxies observed by us show evidence for an extended emission line 
region. These regions are, however very much fainter than  the emission lines from 
the nuclear region. The emission line fluxes listed in table 5.4 are taken from a 
region 10 arcseconds around the centre of the galaxy brightness distribution. In all 
cases this is large enough th a t we obtain all the emission line flux observed along 
the spatial axis of our spectra. We may be losing some flux, however because of 
the smaller slit width. Given the fact th a t most of the emission line regions in our 
sources are essentially unresolved, we estim ate the loss due to aperture effects as 
less than  about 50%. We derive formal errors for our emission line fluxes from the 
noise in the continuum  either side of the line plus an error due to the uncertainty 
in our flux calibration in the relevant part of the spectrum . Typically we find 
these formal errors to be on the order of, or less than  20%. We note th a t these 
formal errors do not take into account errors introduced by tem plate m ism atch 
when we subtract the stellar continuum , nor do they take into account aperture 
effects.
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Table 5.4: Emission line fluxes.
P K S nam e [Oil]
3 7 2 7 Ä
[Nei l l ]
3 8 6 9 Ä
H <5 h 7 H/J
X 1 0 ~ 15
[OIII] 
4 9 5 9 Ä 
ergs c m
[OIII]
5 0 0 7 Ä
- 2 s - 1
[OI]
6 3 0 0 Ä
H a + [ N I I ] [SII]
6 7 3 0 Ä
0116-190 0.99 3.47 4.77
0208-240 0.91 < 0.61 2.18 5.77 < 0.36 2.58 0.90
0229-208 1.02 2.68 0.85
0240-217 2.38 0.46 1.19 7.34 2.00
0304-122 < 1.40 < 6.36 < 8.93 < 1.60 < 1.60 < 1.60
0326-288 14.79 5.95 1.19 4.77 11.74 10.36 33.73 4.08 104.3 23.68
0344-345 4.29 0.74 0.61 0.43 0.64 2.67 3.91 22.27 5.56
0349-278 17.32 2.34 1.09 1.47 3.83 6.11 20.86 3.35 24.35 10.61
0424-268 < 2.40
0449-175 2.51 < 3.35 < 2.98 < 0.950 4.27 < 0.95
0453-206 1.86 < 2.24 < 3.80 < 3.80 < 1.20 13.04 < 1.20
0511-305 3.32 1.26 2.39 < 0.84 11.28 4.55
0521-329 2.44 < 0.78 < 0.73 < 0.41 < 0.41 < 0.41
0533-120 < 3.50 < 1.41 < 1.33 < 1.00 < 1.00 < 1.00
0600-131 < 2.90 < 1.09 < 1.09
0614-349 8.73 1.36 1.90 5.94 15.47 2.11 16.83 6.06
0634-205 20.64 10.73 4.90 5.36 13.08 44.03 136.7 5.47 36.26 9.76
0915-118 15.5 < 1.50 < 1.40 2.8 1.71 2.76 5.37 41.61 14.74
1053-282 6.25 1.35 19.29 4.92
1103-244 < 1.90 < 2.43 1.08 5.58 < 1.00 < 1.00 < 1.00
1258-229 8.23 0.92 1.21 6.72 7.62 3.01 19.26 47.41
1323-271 < 0.49 0.43 8 ?
1324-300 < 0.57 < 0.85 0.85
1329-257 7.06 0.68 1.06 1.70 3.06 8.97 1.94 42.81 5.49
1405-298 < 0.57
1414-212 1.02 < 2.26 < 0.25 < 0.25 < 0.25
1423-177 3.60 < 0.45 0.98 1.20 < 0.28 11.27 5.88
1449-129 < 0.76 < 0.25 < 0.25 < 0.25
1553-328 < 0.59 < 0.41 3.63 0.41
1555-140 21.8 < 9.30 1.97 14.93 4.80
1654-137 < 0.89 < 0.14 < 0.14 < 0.14
1712-120 < 1.60 < 0.58 < 0.58 < 0.58
2013-308 < 0.53 0.20 0.70
2030-230 5.24 1.77 3.00 8.85 0.85 64.81 2.43
2040-267 < 1.23 5 ? < 2.40
2053-201 < 0.30 < 1.00 < 1.00 < 1.00
2058-282 < 0.90 0.36 10.98 2.59
2104-256(n) < 2.80 12.06 3.79
2117-269 0.22 0.3 0.72 2.84 0.54
2134-281 < 0.58 0.52 < 0.40 < 0.40 < 0.23 1 < 0.23
2206-237 3.67 0.39 0.24 0.54 0.69 1.74 6.34 1.71 22.88 7.56
2211-172 0.83 < 1.15
2236-176 < 0.82 2.35 < 0.56
2317-277 1.99 0.40 4.47 15.88 0.53 13.26 3.33
2322-123 60.28 5.83 11.65 82.83 41.99
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5.5.1: Profile fitting.
Given th a t the FORS resolution at 6563 Ä is approxim ately 20 Ä (FW HM ), 
the group of lines comprising [Nil] A6548, H a and [Nil] A6584 are heavily blended. 
It is clear, however, from the profile shape th a t there is a large variation in the 
ratio  of [NII]A6584 to H a. For example, some galaxies show a line profile which is 
highly skewed tow ard the red, indicating strong [NII]A6584 emission with respect 
to H a. It is possible w ith our da ta  to derive H a and [Nil] fluxes by profile fitting.
The sophistication of the model profile we can use is lim ited somewhat by 
the sampling of the Ha-f-[NII] lines. W ith a bin w idth of 10 Ä, there are only 
about 12 spectral bins covering the line region. For a model w ith three gaussian 
lines (each w ith three param eters: wavelength, w idth, am plitude) plus a linear 
continuum , there are eleven free param eters to be determined. We m ust reduce 
the num ber of param eters by imposing constraints dictated by the physics of the 
situation.
We first constrain the relative position of the lines. The wavelength of 
[NIIJA6548 is a free param eter, while H a is constrained to lie 14.76 angstrom s 
redw ard and [NIIJA6584 is constrained to lie 35.3 angstroms redw ard of this line. 
The ratio  of the am plitude of [NIIJA6584 to [Nil] A6548 is fixed at 3.0 (d ictated  by 
atomic physics) w ith the am plitude of [NII]A6584 and H a left as free param eters.
We also constrain the w idths of all the lines to be the same. This constraint 
may not be justified since the perm itted  Haemission and the forbidden [Nil] 
emission may very well come from different regions in the narrow line region. This 
objection however, m ust be weighed against the quality of the data. Given the 
resolution available from FORS and the already large num ber of free param eters 
in the model, we are forced to  add this constraint to the profile fits. We do note 
th a t the fits do not appear to  be adversely affected by this constraint but are in 
fact helped considerably by i t ’s imposition. The main purpose of this constraint is 
to avoid unphysical models where either H a or the [Nil] lines are absent and the 
model a ttem pts to replicate the spectrum  using very narrow lines with significant 
am plitude. In reality, a b e tte r model has lines w ith small am plitude and widths 
greater than  or equal to  the spectral resolution of the instrum ent. The width 
constraint enables us to obtain  [NII]A6584/Ha ratios which are consistent with 
the appearance of the line profiles and consistent w ith line ratios in other active 
galaxies observed w ith higher spectral resolution.
In three cases where we observe a broad component to the H a line (0116-190, 
1329-257, and 2030-230) the narrow  line components are constrained as above and 
an additional broad H a com ponent is added to the model. Addition of an extra
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com ponent for the broad line galaxies is not a problem since the broad component 
extends over m any spectral bins and is well sampled.
To summarise, we apply a num ber of constraints to arrive at a six param eter 
gaussian model of the H a+[NII] line profile. The six param eters are the absolute 
position, am plitude, ratio  of [NII]6584 to H a, the w idth of the lines (assumed 
equal) and a two param eter linear continuum . We note here th a t the spectral 
region fitted by the model extends well beyond the emission line regions. The 
continuum  is determ ined from line-free sections of the spectrum . Essentially, only 
four of the model param eters are determ ined by the dozen or more da ta  points 
in the emission region of the spectrum .
The profile fit is performed using chi-square m inim isation with errors esti­
m ated from the r.m.s. noise in continuum  regions around the emission lines. The 
fitted  H aand  [Nil]6584 line fluxes are listed in table 5.5 in units of 10_15ergs cm -2 s-  
All fluxes presented in table 5.5 come from spectra where we appear to have a 
reasonable fit and the value of the reduced \ 2 is less than  unity.
5-22
Table 5.5: Fitted Ha and [NII]6584 fluxes.
P K S  nam e Ha error 
x 10-15
[NIIJ65S4 
ergs cm-2 s-1
error
0116-190 1.72 1.75
0208-240 2.63 4.41 4.27 1.10
0229-208 <0.96 1.22
0240-217 4.99 1.86
0326-288 54.66 4.48 52.97 2.86
0344-345 7.58 1.84 12.10 1.31
0349-278 14.22 2.37 9.19 1.07
0449-175 9.88 2.11 <1.65 0.00
0453-206 <2.0469 15.36 1.96
0511-305 5.25 1.42 4.78 0.77
0533-120 <3.3 5.08 0.73
0600-131 1.91 <1.91
0614-349 10.24 1.99 6.27 0.91
0634-205 58.47 4.89 25.68 1.60
0915-118 23.28 2.98 17.35 1.46
1053-282 4.95 1.40 14.56 1.38
1258-229 15.91 2.57 19.41 1.66
1323-271 1.12 2.35
1329-257 20.63 <1.36
1423-177 15.27 19.07 <0.49
1517-283 3.10 6.34
1553-328 5.46 2.64 3.94 0.72
1555-140 7.46 1.70 10.30 1.17
2013-308 7.06 0.64
2030-230 8.00 <1.37
2040-267 9.10 <4.17
2104-256  (n) 12.06
2159-335 5.79 2.42 11.95 1.85
2206-237 3.70 1.49 4.57 1.09
2225-308 1.94 <0.99
2236-176 8.79 1.57
2317-277 100.12 18.77
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Chapter 6:
Emission line data.
6.1: Introduction.
In chapter 5 we discussed spectrophotom etric observations of galaxies in our 
sample which were carried out with the Anglo-Australian Telescope. Results from 
spectra  of low to interm ediate resolution were presented covering the wavelength 
range 3600 Ä to ~  8000 Ä. In this chapter we present quantities derived from 
the emission line fluxes and relate them  to the observed radio properties. Before 
em barking on a comprehensive correlation analysis between various optical emis­
sion lines and radio properties, we discuss some of the pitfalls inherent in such a 
procedure as a result of Malmquist bias. We present a discussion of the statistical 
m ethods employed by us to avoid detecting spurious correlations in our sample.
Section 6.2 presents emission line luminosities and establishes a correlation 
between radio luminosity and emission line luminosity. We compare our results 
w ith o ther recent survayes of emission lines on both  radio loud and radio quiet 
early type galaxies and present evidence th a t the correlation between emission 
line lum inosity and radio power “turns on” around the power of the Fanaroff- 
Riley classI/II transition region (see chapter 1). We show th a t such a correlation 
is absent in class I radio sources. We also examine whether the radio core spectral 
index is a second param eter in the correlation between emission line lum inosity 
and radio power. We find an effect whereby radio sources with steep spectrum  
cores exhibit a stronger correlation between emission line lum inosity and radio 
power, bu t radio sources with flat spectrum  cores show no such correlation. This 
is true for the Hn-f[NII], [OIIJAA3727,9, [OIII]AA4959, 5007 and H/9 emission 
lines. We conjecture tha t this is evidence for interaction between the radio jets 
and the interstellar medium in the narrow-line region. Support for this conjecture 
is presented in chapter 7 where we develop a model for parsec scale jets and
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examine the effects on the VLA cores of interaction of the jets w ith the interstellar 
medium.
In section 6.3 we present emission line ratios. We discuss the trends of 
narrow  line ratio  within the sample and compare our line ratios w ith those found 
in o ther active galaxies (in particular Seyfert galaxies and liners). We find th a t 
the emission line ratios present in our sample cover a wide range of excitation from 
liner type spectra to Seyfert II type spectra. Section 6.3 also examines relations 
between emission line ratios and radio properties w ithin the Sample. We find 
th a t our homogeneous sample contains a continuum  of emission line excitation 
levels from LINER type spectra to Seyfert II type spectra. This suggests a common 
m echanism  for both  these “classes” of spectrum . There appears to be no relation 
between the level of excitation of the emission line spectrum  and radio power. 
There is evidence, however tha t the radio sources in our sample generally have 
lower [NII]A6584/Hc* ratios than  the class I galaxies in the sample of Phillips 
et al. (1986), although no clear trends within each sample are discernable.
6.2: Malmquist bias and correlations.
It has been repeatedly pointed out in the literature th a t correlations between 
luminosities of objects selected from flux lim ited surveys can be spurious because 
of the correlation of luminosity with redshift in such samples. A good discussion 
of the problem is presented in Feigelson and Berg (1983) which we sum m arise 
here.
Consider a flux limited sample chosen in some waveband ( e.g. optical, radio, 
X-ray) denoted by V\ . In this sample, luminosity L Vl may be correlated w ith red- 
shift because of two effects: high luminosity objects are comparitively rare  and 
hence are generally found at large redshifts. On the other hand, low lum inosity 
sources are generally found at low redshift because any low lum inosity source at 
high redshift is too faint to be included in the sample. If these sources are then  ob­
served in some other waveband V2 , objects with low luminosity in this waveband 
( L u2) are generally not detected unless they are nearby. Low L U2 objects lying 
at high redshifts are then listed as non-detections or “upper lim its.” Similarly, 
objects w ith high L„2 are again generally found at high redshift. Hence, detected 
objects have luminosities in both wavebands which independently correlate w ith 
redshift and hence the luminosities of the detected points are correlated regard­
less of w hether there is in fact an intrinsic correlation between the luminosities 
in the two wavebands. It is im portant to note tha t the spurious correlation oc­
curs between the objects which are detected in both wavebands. Feigelson and 
Berg (1983) argue tha t if proper account is taken of the upper lim its in the V2
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waveband, then spurious correlations can be avoided. T ha t is, one can determ ine 
w hether an observed correlation is intrinsic to the population or w hether it is 
caused by selection and sensitivity effects.
A num ber of investigators have attem pted  to avoid spurious correlations 
by looking at da ta  in the flux domain, arguing th a t if there is a correlation 
between the luminosities in the two wavebands then a correlation will still show 
up between the fluxes in the two wavebands. Feigelson and Berg (1983) show 
th a t this is only the case if the intrinsic luminosity relation is linear. An intrinsic 
correlation which is not linear will be considerably weakened in the flux-domain. 
Therefore Feigelson and Berg (1983) argue th a t it is best to  perform  a correlation 
analysis in the luminosity domain including proper treatm ent of upper lim its.
6.2.1: Survival Analysis.
In our analysis we have followed the argum ents of Feigelson and Berg (1983) 
by perform ing our analysis in the luminosity domain using “survival Analysis” 
techniques ( e.g. Miller 1981; Isobe, Feigelson and Nelson 1986) to handle the 
upper limits. We also present parallel analyses carried out in the flux dom ain to 
back up our claims in the luminosity domain. In general, anywhere we observe 
a correlation in the luminosity domain, we also observe a correlation in the flux 
domain. For this reason we believe tha t the correlations claimed in this work are 
intrinsic to the sources and not due to selection and sensitivity effects.
In determ ining the form of the correlations (he. the correlation slope in the 
log-log dom ain) we use the survival analysis results in the luminosity domain. In 
general a particular correlation between log( L Ul) and log(TJ/1) will not have the 
same slope in the flux domain (Feigelson and Berg 1983). This is not necessary 
in most cases where the tests give unit slope for the line of best fit in bo th  the 
flux dom ain and the luminosity domain.
6.2.1.1: Survival Analysis Tests.
Isobe, Feigelson and Nelson (1986) present an extensive exam ination of the 
use of survival analysis techniques in astrophysical problems. Specifically they 
address the problem of deducing the existence of a true correlation between two 
observed quantities, taking upper limits into account. They find th a t these tech­
niques are reliable in the search for correlations between luminosities at different 
bands.
We have carried out M onte-Carlo tests of the survival analysis techniques 
applied to da ta  from our sample. In these tests we use the bivariate rad io /optical 
lum inosity function of Auriemma et al. (1971) to generate a test sample of radio
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galaxies subject to all radio and optical selection effects in our sample (see chap­
ter 2). This test sample has a similar range of radio power, optical lum inosity 
and redshift to the radio sources in our real sample. To each galaxy in the test 
sample we assign an emission line luminosity:
log(Lc.z.) =  k  log(Pradio) +  g(cr) +  constant
where P radio is the assigned radio power, k  is a constant of proportionality  and 
g(cr)  is a pseudo-random  noise with gaussian distribution about a m ean of zero.
Using a non-zero value of k  and adding little or no noise to the test emis­
sion line luminosities results in a test sample with a strong correlation between 
emission line lum inosity and radio power. Conversely, setting k  =  0 and adding a 
lot of noise to the test da ta  generates a test sample where the emission lines and 
the radio power are essentially uncorrelated. In this way we are able to generate 
a test sample where the form and strength of the intrinsic correlation between 
emission line lum inosity and to tal radio power is a controlled variable of the test 
sample. Emission line fluxes for the test sample are determ ined from the assigned 
emission line luminosities and the assigned redshifts in the test sample.
Realistic observational limits are placed on the emission line fluxes to  mimic 
the effects of observational sensitivity. Upper limits in the luminosity dom ain are 
calculated for all test sources in which the calculated emission line flux falls below 
a designated sensitivity level. We analyse the resulting luminosities (detected 
luminosities and upper lim its) using the ASURV statistical package (Isobe and 
Feigelson 1987) which carries out survival analysis tests on the d a ta  to  determ ine 
the existence and form of any correlation in the luminosity domain.
The tests reproduce the M alm quist bias effects discussed above and we con­
firm th a t an intrinsic correlation in the luminosity domain (with noise) is some­
w hat degraded in the flux domain. Figure 6.1 illustrates this effect for two test 
samples. In figure 6.1a we present a graph of line flux as a function of radio flux 
density for test d a ta  in which there is no intrinsic correlation between the line 
luminosity and the radio power. Figure 6.1b presents the same test results in 
the luminosity domain. The detected points in the luminosity dom ain define a 
trend  which could be m istaken for a correlation. The survival analysis tests give 
the significance of the false correlation in the luminosity dom ain as 80% or 90% 
depending on the specific test used. These significance levels do not indicate a 
correlation as far as we are concerned.
Figures 6.1c and 6.Id  present the relationship between emisssion line strength  
and radio power for a test sample in which there is a correlation w ith unit slope 
and a scatter of 0.8 dex. Dashed lines indicate the lines of best fit derived from
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survival analysis techniques. Figure 6.1c presents the test da ta  in the flux do­
m ain while figure 6.Id  presents the test da ta  in the luminosity domain. Survival 
analysis tests find a correlation in both these d a ta  sets at significance levels of 
99.99% or better. Two things to note about the flux d a ta  in figure 6.1c are the 
m anner in which sources with undetected emission lines tend to cluster at low 
radio flux density, and the fact tha t the luminosity correlation is markedly weak­
ened in the flux domain even though the intrinsic correlation has a slope of unity. 
This weakening of the correlation is related to intrinsic scatter in the lum inosity 
correlation.
In general the survival analysis techniques work well on the test data. In 
cases where we have built a correlation into the test data, the survival analysis 
techniques reject the null hypothesis at high significance levels and correctly 
reproduce the param eters (slope k , scatter cr, and intercept) of the correlation. 
We have found, however tha t for some of the correlations presented in the next 
section, survival analysis a ttribu tes a higher significance to the result than  may 
be expected. We have carried out a num ber of tests of ASURV significance levels, 
the results of which are presented in section 6.3.1.1.
6.2.1.2: Individual tests.
In the remaining parts of this chapter we examine a large num ber of relations 
between radio properties and emission line properties both  in the flux dom ain and 
in the luminosity domain. Because upper limits (and in some cases lower lim its) 
are present in the data  we use survival analysis techniques available in the ASURV 
statistical package (Isobe and Feigelson 1987).
In some cases in section 6.3 the claimed correlations are ra ther weak and 
possibly even unbelievable. We use a num ber of statistical tests to discuss each 
of these correlations in a quantitative m anner and provide a means of cam paring 
correlations of different strength. In section 6.4 we find th a t the spectral index 
of the VLA core in our radio galaxies is an im portant second variable in the 
correlation analysis. Here the correlation analyses are im portant for a quanti­
tative comparison of the correlations involving steep spectrum  core sources and 
correlations involving flat spectrum  core sources. The correlation analyses also 
allow us to compare the results in section 6.4 w ith those in section 6.3. W ith this 
m otivation in mind, we now give a brief description of each of the tests employed 
in our analysis.
The two correlation tests we use are Cox’s Proportional Hazard test (Isobe 
et al. 1986) and the Generalized K endall’s Rank Correlation Test, (Isobe et al. 
1986). Cox’s Proportional H azard test is partially  param etric in th a t it assumes 
an exponential form for the hazard  function, (see Miller 1981 or Isobe et al.
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Log (to ta l flux density  a t  1.4GHz) (Jy)
F igu re 6.1a: Sim ulation d a ta  depicting emission line flux as a function of to ta l 
radio flux density. These test data  have no inbuilt correlation between emission 
line lum inosity and radio power.
►» co
Log ( to ta l pow er a t  1.4GHz) (WHz-1)
F ig u re  6.1b: Sim ulation data  depicting emission line lum inosity as a function 
of radio power. These test da ta  have no inbuilt correlation between emission line 
lum inosity and radio power.
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Log (total flux density a t 1.4GHz) (Jy)
F igu re  6.1c: Sim ulation da ta  depicting emission line flux as a function of to tal 
radio flux density. These test data  have been generated w ith a correlation between 
emission line luminosity and radio power with unit slope and a scatter of 0.8 dex.
Log (total power a t 1.4GHz) (WHz~l)
F igu re  6 .Id: Sim ulation da ta  depicting emission line lum inosity as a function 
of radio power. These test d a ta  have been generated w ith a correlation between 
emission line luminosity and radio power with unit slope and a scatter of 0.8 dex.
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1986 for a definition of the hazard function). This form for the hazard  func­
tion assumes th a t the cumulative likelihood of detecting the undetected variable 
increases exponentially with increasing sensitivity. Astronomical lum inosity func­
tions however are typically power law distributions and it is not clear w hether 
the results of the Cox test are significantly affected by this difference (Isobe and 
Feigelson, 1987).
The Generalised K endall’s Rank C o rre la tio n  test is a generalization to in­
clude censored data, of the well known, non-param etric K endall’s Rank Correla­
tion test (eg Siegel, 1961). Both the Cox test and the Kendall test are inaccurate 
when there are many tied values. This situation does not occur in our data.
We also use three linear regression tests which yield estim ated param eters 
for a line of best fit. The first of these is the Param etric E.M. algorithm  with 
a norm al distribution (Isobe et al.. 1986). This is an iterative “least squares” 
technique which reduces to the standard  “least squares” regression in the absence 
of censored data. The m ethod is param etric in th a t it estim ates the values of cen­
sored d a ta  assuming a norm al distribution of residuals about the line of best fit. 
The Buckley-James Regression is a non-param etric variation of the Param etric  
E.M. Regression which uses the Kaplan-Meier estim ator (Feigelson and Nelson 
1985) instead of a normal distribution to estim ate values for the censored data. 
This m ethod is believed to be more robust when the d istribution of residuals 
around the fitted line is not gaussian (Isobe et al. 1986).
Finally we use Schm itt’s Regression for doubly censored d a ta  (Schm itt 1985). 
This is a non-param teric m ethod which can handle d a ta  where upper lim its occur 
in bo th  the dependant and the independant variables (doubly censored data) and 
hence is useful in applications such as examining the relationship of the radio core 
w ith the optical emission lines in our sample. The im plem entation of this test in 
the ASURV package does not allow an estim ate of errors for the fitted param eters.
In the correlation analyses presented below we use all the applicable survival 
analysis tests to obtain an idea of the difference in the results obtained from 
different tests. In general, non-param etric m ethods such as K endall’s Generalised 
r  correlation test, the Buckley-James regression and the Schm itt regression should 
be regarded as the more robust of the m ethods applied to our data.
Finally, we note th a t none of these tests take into account the fact th a t much 
of our d a ta  is truncated  in one variable. The fact th a t our d a ta  comes from a flux 
lim ited radio sample means th a t whenever we compare any quantity  w ith radio 
flux (or power) we do not have any information for radio sources which fall below 
our radio flux limit. This is not expected to be a problem however, because it 
only arises when we compare emission line luminosities w ith to tal radio power.
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In this case we have a priori information tha t, amongst early-type galaxies, radio 
quiet galaxies do not generally exhibit strong emission lines (Phillips et al. 1986; 
and see figure 6.11). Rephrasing the problem in more concrete terms; whenever 
we examine the relationship between emission line luminosity and to ta l radio 
power (see for example figure 6.1b), upper limits in the emission line luminosities 
yield inform ation about the likely distribution of da ta  points in the bo ttom  right 
corner of the diagram. The fact tha t our sample is chosen from a radio flux 
lim ited sample means tha t there are no radio upper limits to give us inform ation 
on the likely d istribution of points in the upper left part of the diagram . However, 
the results of the Phillips et al. (1986) survey of optical emission lines in radio 
quiet E and SO galaxies gives us a priori information th a t this part of the diagram  
is essentially unpopulated.
6.3:Radio and Emission line luminosity 
correlations.
In an early qualitative study of optical emission lines in powerful radio 
sources in the 3CR catalogue, Hine and Longair (1979) found th a t Fanaroff-Riley 
class II sources tend to exhibit strong optical emission lines, whereas emission 
lines in Fanaroff-Riley class I sources are weak or undetectable. Given the rela­
tionship between Fanaroff-Riley class and radio power (Bridle 1985), this finding 
could be taken as qualitative evidence for a correlation between radio lum inosity 
and optical emission line luminosity. It is a prim ary m otivation of this study to 
pu t such a correlation on a quantitative footing.
The most commonly detected emission lines in our spectra (in order of de­
creasing detection fraction) are: the H a plus [Nil]AA6548,84 lines (hereafter re­
ferred to as H a+[N II]), [SIIJAA6717,31, [OIII]AA4959,5007, [OII]AA3727,9 and 
H/?. Figures 6-2 to 6-8 present plots relating the emission line strengths to the 
to ta l radio emission for each of these lines or line combinations. In each of these 
figures panel a) presents the results in the flux domain while panel b) presents 
the results in the luminosity domain. A sum m ary of the statistical test carried 
out on each set of d a ta  is listed in table 6-1. In all diagram s presented in this 
chapter, only error bars which are larger than  the symbol size are plotted. Note 
th a t these errors are formal errors derived from photon noise and errors in the 
flux calibration. They do not include an error due to aperture effects (see the 
discussion of errors in chapter 5). In all diagrams, arrows represent upper lim its 
set at 3<t of the m easured noise in the flux calibrated spectrum  at the appropriate  
wavelength. The dashed line in each diagram  represents the line of best fit from 
the param etric E-M test (see section 6.2.1.2).
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We also plot the da ta  with different symbols to represent sources w ith dif­
ferent core spectral index. As in chapters 3 and 4 we define sources w ith a  VLA 
core spectral index a >  0.5 ( S u oc v ~a ) as steep spectrum  core sources (hereafter 
SSC sources) and those with a VLA core spectral index a  <  0.5 as flat spectrum  
core sources (hereafter FSC sources). In figures 6-2 to 6-8, open circles represent 
SSC sources, filled circles represent FSC sources and crosses represent sources 
w ith an unkown VLA core spectral index. We use these symbols because, in a 
num ber of cases the correlation between emission line lum inosity and to ta l radio 
power looks ra ther weak and we point out th a t in all these cases the sources 
which tend to weaken the correlations belong to the class of FSC radio sources. 
This pre-em pts the discussion in section 6.3.3 where we examine the correlation 
between emission line luminosity and to tal radio power in the SSC sources and 
the FSC sources alone.
6.3.1: Discussion of individual correlations.
Figure 6-2a presents the correlation between H o-f [Nil] flux and to ta l radio 
flux-density at 1.4 GHz. The same correlation in the luminosity dom ain is pre­
sented in figure 6-2b. Of 41 listed fluxes, 9 are upper limits. In table 6-1 we list a 
sum m ary of a num ber of different regression analyses carried out on these data. 
In column 1 of table 6-1 we indicate the dependent variable. The independent 
variable is in each case the to tal radio flux or luminosity at 1.4 GHz depending on 
w hether the dependent variable is a flux or luminosity. For example the first row 
in table 6-1 refers to the correlation between H o4-[Nil] flux and the to ta l radio 
flux. The second row refers to the correlation between the Ho+[NII] lum inosity 
and the to tal radio luminosity. The second column in table 6-1 lists the num ber 
of da ta  points in the correlation analysis followed by a num ber in parentheses 
which indicates the num ber of upper limits.
Columns 3 and 4 present the results of the Cox regression analysis. Colum n 3 
presents the value of y 2 for the data  while column 4 presents the probability  th a t 
this value of \ 2 be obtained by chance. T hat is, P h0 is the probability th a t the 
null hypothesis is true. * So, for example the correlation between H o+[N II] flux 
and to ta l radio flux at 1.4 GHz yields \ 2 =  13.4 which has a probability of chance 
occurence of 0.02%. Thus we reject the null hypothesis at a significance level of 
99.98%.
Columns 5 and 6 present the results of Kendall’s generalised r  test. Colum n 5 
lists the value of the 2  param eter while column 6 lists the probability of obtaining
* The null hypothesis states tha t there is no correlation between the dependent 
and independent variables.
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I
Log ( to ta l flux density  a t  1.4GHz) (Jy)
Figure 6.2a: Ho+[NII] flux as a function of to tal radio flux density at 1.4 GHz. 
O pen circles represent SSC sources, filled circles represent FSC sources and 
crosses represent sources with unkown spectral index. Arrows represent 3<r upper 
lim its.
Log ( to ta l  pow er a t  1.4GHz) (WHz-1)
Figure 6.2b: Ho+[NII] luminosity as a function of to ta l radio power at 1.4 GHz.
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this value of z by chance. In the case of Hc -^|- [Nil] flux vs. to ta l radio flux 
P Ho =  0.87 and we reject the null hypothesis at a significance level of b e tte r than  
1%.
The Cox and Kendall r  tests only determine whether a significant correlation 
is present. The rem ainder of the tests listed in table 6-1 determ ine the form of 
a correlation (i.e. i t ’s slope, intercept and scatter). Columns 7 and 8 present the 
results of the param etric E-M test. Column 7 lists the slope of the line of best fit 
for the correlation followed by a standard  error for the slope. Column 8 lists the 
l a  scatter about the fit. Similarly columns 9 and 10 present the slope and scatter 
from the line of best fit using the Buckley-James m ethod. Column 11 presents 
the slope from the Schmitt regression. This la tte r m ethod does not yield an error 
for the slope.
Note th a t for the H o-f [Nil] emission lines correlations at significance levels 
of be tte r than  99% are detected in both the flux and luminosity domains. As 
m entioned in the previous section the statistical techniques used here are resistant 
to spurious correlations (in the luminosity domain) resulting from selection effects 
by virtue of taking into account upper limits. We also note th a t the existence of a 
correlation in the flux domain is added insurance of the reality of the lum inosity 
correlation. We note th a t the high signficance of the correlation in the flux dom ain 
appears to be due to the fact tha t most of the sources w ith undetected H o + [Nil] 
emission generally have a low radio flux-density. In the lum inosity dom ain, four 
of these undetected sources exhibit quite high radio powers and their presence 
m ust weaken the correlation somewhat. We note th a t these four sources belong 
to the class of FSC radio sources.
Figure 6-3a presents the correlation between [OII]AA3727,9 emission line 
flux and the to tal radio flux-density at 1.4 GHz. Figure 6-3b presents the same 
correlation in the luminosity domain. The data  consists of 44 points w ith 19 
upper lim its. The flux data does not exhibit a very strong correlation, possibly 
because of the lower detection frequency for these emission lines. Note however, 
th a t most of the undetected sources also have a low radio flux-density. The Cox 
and Kendall regressions yield significance levels of only better than  90%. This 
is echoed in the param etric E-M, Buckley-James and Schm itt tests which yield 
lines of best-fit with slope around 0.6. The same tests in the lum inosity dom ain 
yield strong correlations with significance levels of 99.8% for both  the Cox and 
Kendall test. The param etric E-M and Buckley-James regressions yield slopes of 
around 1.1 ±  0.2 which is consistent with the results of the Schm itt regression. 
Note th a t as in the case with the Ho+[NII]correlation in figure 6-2b, powerful 
radio sources with undetected emission lines tend to belong to the class of FSC 
radio sources.
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Log (total flux density a t 1.4GHz) (Jy)
F igu re 6 .3a: [Oil]AA3727,9 flux as a function of to ta l radio flux density at 
1.4 GHz. Open circles represent SSC sources, filled circles represent FSC sources 
and crosses represent sources with unkown spectral index. Arrows represent 3<r 
upper lim its.
Log (total power a t 1.4GHz) (WHz“1)
F igu re 6 .3b: [Oil]AA3727,9 luminosity as a function of to ta l radio power at 
1.4 GHz.
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For the correlation between the [OII]AA3727, 9 lines and the to ta l radio emis­
sion we see th a t the significance of the correlation in the flux dom ain is consid­
erably lower than  in the luminosity domain. This is generally expected from 
the argum ents of Feigelson and Berg (1983) and from our own investigations. 
The flux domain is expected to contain more scatter than  the lum inosity dom ain 
because of the effect of “squashing” a large range of luminosities into a much 
smaller flux range in the presence of noise. In this case we do not regard the 
lower significance of the flux correlation to be at variance with our rejection of 
the null hypothesis in the luminosity domain.
Figure 6-4a presents the correlation between [SII] AA6717, 31 flux and the 
to ta l radio flux-density at 1.4 GHz. Figure 6-4b presents the same d a ta  in the 
lum inosity domain. Of 41 data  points, 14 are upper limits. The correlation 
in the flux domain is significant at better than  the 98% level for the Kendal r  
test. The Cox test yields a somewhat higher significance. Note once again th a t 
the correlation in the flux domain is aided considerably by the concentration 
of sources with undetected [SII] AA6717, 31 emission toward lower 1.4 GHz flux- 
densities. The correlation in the luminosity domain is significant at b e tte r th an  
the 99.99% level according to both the Cox test and the Kendal r  test.
Figure 6-5a presents the correlation between the [OIII] AA4959, 5007 flux and 
the to ta l radio flux-density at 1.4 GHz. Figure 6-5b presents the same d a ta  in 
the lum inosity domain. Of 25 data  points, 9 are upper limits. In this case the 
significance of the correlation in the flux domain is considerably worse than  th a t 
in the luminosity domain. The Cox test gives a significance of only 75% for the 
[OIII] AA4959, 5007 flux as a function of to tal radio flux-density. The Kendall 
test yields a significance level of 93%. In the luminosity domain, the correlation 
is significant at better than  the 98% level. Note tha t in both  cases a significant 
am ount of the scatter in the relations is due to FSC radio sources. W ith  these low 
significance levels we cannot claim a correlation between the [OIII] AA4959, 5007 
emission line luminosity and total radio power in our sample. One reason for 
this m ay be in the lower num ber of sources where we have inform ation on the 
[OIII] AA4959,5007 emission lines. The main reason for this is the fact th a t the 
[OIII] AA4959, 5007 emission lines generally lie in the overlap region of the spec­
trum  between the FORS coverage and the IPCS coverage (see chapter 5). In 
some cases data  has been lost from this region while in other cases the d a ta  is of 
poor quality. This is also true of the H/3 data.
Figure 6-6a presents the correlation between H/? and to ta l radio power at 
1.4 GHz in the flux domain. Figure 6-6b presents the same da ta  in the lum inosity 
domain. Of the 25 d a ta  points, 12 are upper limits. As shown in table 6-1 
we reject the null hypothesis in both the flux domain and in the lum inosity
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Log ( to ta l flux density  a t  1.4GHz) (Jy)
F igu re 6.4a: [SIIJAA6717,31 flux as a function of to tal radio flux density at 
1.4 GHz. Open circles represent SSC sources, filled circles represent FSC sources 
and crosses represent sources with unkown spectral index. Arrows represent 3cr 
upper limits.
Log ( to ta l pow er a t  1.4GHz) (WHz-1)
F igu re  6 .4b: [SII] AA6717, 31 luminosity as a function of to ta l radio power at 
1.4 GHz.
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Log (to ta l flux density  a t  1.4GHz) (Jy)
Figure 6.5a: [OIII] AA4959,5007 flux as a function of total radio flux density at 
1.4 GHz. Open circles represent SSC sources, filled circles represent FSC sources 
and crosses represent sources with unkown spectral index. Arrows represent 3cr 
upper limits.
Log ( to ta l pow er a t  1.4GHz) (WHz-1)
Figure 6.5b: [OIII]AA4959,5007 luminosity as a function of total radio power 
at 1.4 GHz.
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Log ( to ta l flux density  a t  1.4GHz) (Jy)
F igu re 6 .6a: H/9 flux as a function of total radio flux density at 1.4 GHz. Open 
circles represent SSC sources, filled circles represent FSC sources and crosses 
represent sources with unkown spectral index. Arrows represent 3<r upper limits.
Log ( to ta l pow er a t  1.4GHz) (WHz_ l)
F igu re 6 .6b: H/? luminosity as a function of to tal radio power at 1.4 GHz.
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dom ain at better than  99% significance level. As with the [OIII]AA4959,5007 
data  we have fewer sources for which information on the H/? flux is available. 
Once again we note in this case tha t the correlation in the flux dom ain is aided 
by the concentration of emission line upper limits toward low radio flux-densities. 
Note also in the luminosity domain tha t powerful radio sources w ith undetected 
emission lines almost all belong to the class of FSC radio sources.
In chapter 5 we presented Ho and [Nil] A6584 emission line fluxes resulting 
from profile fits of the Had-[Nil] lines. Figures 6-7 and 6-8 present the correlations 
of these lines with the to tal radio emission. As usual, the top panel presents the 
correlation in the flux domain while the bottom  panel presents the correlation 
in the lum inosity domain. We include in these d a ta  upper lim its to H a and 
[Nil]A6584 from data  where no Had-[Nil] is observed. For the H a d a ta  we have 
41 d a ta  points with 12 upper limits. The correlation in the flux dom ain has a 
significance of 99% for the Cox test but only 94% for the Kendall r  test. In the 
lum inosity domain the correlation is significant at be tte r than  99.5% for both  
tests.
The [NIIJA6584 da ta  has 41 data  points with 14 upper limits. In this case 
the correlation in the flux domain is significant at be tter than  the 99.5% level 
for the Cox test but significant at only the 96% level for K endall’s r  test. The 
correlation in the luminosity domain is significant at be tter than  the 99.5% level 
for both  tests.
Note again tha t the flux correlations in both these cases are aided by the 
d istribution  of emission line upper limits toward low radio flux-density and tha t 
the high power radio sources with undetected emission lines tend to be FSC radio 
sources.
Finally we note th a t all the luminosity correlations have lines of best fit 
w ith slopes between 0.9 and 1.2. The scatter around these fits is estim ated to 
be typically 0.6 dex from the Buckley-James regression or around 0.8 dex for 
the param etric  E-M regression. In section 6.3.4 we retu rn  to these correlations 
when we examine the core spectral index as a second param eter in the correlation 
between emission line strength  and the to tal radio emission. In sections 6.3.2 and 
6.3.3 we compare our results with a num ber of other emission line surveys carried 
out recently.
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Log (total flux density a t 1.4GHz) (Jy)
F igu re 6.7a: H a flux as a function of to tal radio flux density at 1.4 GHz. Open 
circles represent SSC sources, filled circles represent FSC sources and crosses 
represent sources with unkown spectral index. Arrows represent 3a  upper limits.
Log (to tal power a t 1.4GHz) (WHz l )
F igu re 6 .7b: H a lum inosity as a function of to tal radio power a t 1.4 GHz.
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Log (total flux density a t 1.4GHz) (Jy)
F igu re  6.8a: [Nil] A6584 flux as a function of to tal radio flux density at 1.4 GHz. 
Open circles represent SSC sources, filled circles represent FSC sources and 
crosses represent sources w ith unkown spectral index. Arrows represent 3cr upper 
limits.
Log (total power a t 1.4GHz) (WHz *)
F igu re  6 .8b: [Nil] A6584 luminosity as a function of to ta l radio power at 1.4 GHz.
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Table 6.1: Regression against to ta l radio emission.
D e p e n d a n t N o . o f  
v a r ia b le  p o in ts .
Cox1
x 2 P h„(% )
K endall2 
* P h„(% )
E .M .3 
slope <7
B .J .4 
slope a
S ch m itt5
slope
H a  ±  [N il] 43
flux (9 U . l . )
13.4 0.02 2.9 0.34 1.0 0.80 
±0.4
1.1 0.54
±0.3
0.96
H a  ±  [N il]  
lum inosity
8.6 0.34 3.5 0.05 1.0 0.82 
±0.2
0.9 0.55
±0.2
0.93
[O il] 44
flux (19 U . l . )
3.6 5.95 1.8 7.49 0.6 0.78
±0.4
0.6 0.56
±0.3
0.53
[O il]
lum inosity
13.7 0.02 3.7 0.02 1.1 0.82 
±0.2
1.1 0.63
±0.2
1.06
[SI I] 43
flux (14 U . l . )
9.64 0.19 2.43 1.58 0.8 0.75
±0.3
0.8 0.55
±0.3
0.71
[SII]
lum inosity
17.85 < 0.01 4.06 < 0.01 1.2 0.76
±0.2
1.2 0.58
±0.2
1.14
[OIII] 25
flux (9 U . l . )
1.31 25.22 1.81 6.96 0.6 0.80 
±0.4
0.6 0.55
±0.3
0.49
[OIII],
lum inosity
5.67 1.73 2.38 1.72 1.0 0.83
±0.3
1.1 0.62 
±0 .3
0.86
H/3 25
flux (12U.I. )
10.94 0.09 2.78 0.55 0.7 0.49
±0.3
0.6 0.49
±0.3
0.52
Hßlum inosity
8.38 0.38 2.71 0.68 0.9 0.51
±0.3
0.9 0.55
± 0 .3
0.70
H a 41
flux (12 U . l . )
7.19 0.74 1.86 6.29 1.6 1.9
±0.9
1.7 1.9
±0.9
3.6
H a
lum inosity
9.07 0.26 3.27 0.11 1.1 1.9
±0.4
1.0 1.9
±0.3
1.37
[N il] 40
flux (14 U . l . )
9.04 0.26 1.98 4.75 0.8 0.73
±0.4
0.8 0.56
±0.3
0.72
[N il]
lum inosity
10.80 0.10 2.93 0.34 0.8 0.73
±0.2
0.8 0.55
±0.2
0.83
1. C ox’s P roportional H azard Test.
2. K endall’s G eneralised Rank Test.
3. P aram etric  E.M . regression using a norm al d istribu tion .
4. B uckley-Jam es regression.
5. S ch m itt’s non-param etric  regression for doubly censored data .
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Table 6-2: Model vs ASURV significance levels.
D e p e n d a n t
v a r ia b le
N o .  o f  
p o in t s
N o .  o f  
l im i t s x 2
C o x
P h 0(%)
a s u r v  Model
K e n d a l l
P h 0(% )
a s u r v  Model
^ H a + [ N I I ] 43 9 8.6 0 .34 1.9 3.5 0 .05 0 .3
£ [ O I I ] 44 19 13.7 0.02 0.9 3 .7 0 .02 0 .8
L m 43 14 17.9 < 0 .0 1 < 0 .0 7 4.1 < 0 .0 1 0 .1 4
£ [ O I I I ] 25 9 5.7 1.7 4.1 2.4 1.7 3 .4
25 12 8.4 0.38 2.3 2.7 0 .68 2 .8
L u a 41 12 9.1 0.26 1.0 3.3 0.11 0 .6
L [ m i ] 40 14 10.8 0.10 0 .4 2.9 0 .34 0 .9
6.3.1.1: Survival Analysis significance levels.
The significance levels presented in table 6.1 appear to be somewhat opti­
mistic, given the num ber of galaxies in the sample and the ra ther large scatter 
apparent in the correlations. To investigate these significance levels we have 
carried out a num ber of M onte-Carlo tests in the same m anner as described in 
section 6.2.1.1. We have only carried out these tests for correlations in the lum i­
nosity domain.
We use Monte Carlo techniques to generate a num ber of “radio galaxy” sam ­
ples with a  d istribution of optical and radio luminosities m atching the observed 
d istribution of Auriem m a et al. (1977). Each galaxy w ithin a particu lar sample is 
assigned a random  redshift from a redshift distribution corresponding to uniform 
spatial density. A radio flux-density and optical m agnitude is then  calculated 
for each galaxy and only those which satisfy the sample selection criteria  are 
accepted into the final Monte Carlo sample. Thus the sample of “te s t” galaxies 
has a flux-density and luminosity distribution similar to th a t in the real sam ­
ple. Random  emission line luminosities are assigned to each galaxy in the test 
sample in such a way th a t the emission line luminosities do not correlate with 
the radio properties. Emission lines with fluxes lower than  10-16 ergs-1 cm _2s-1 
(the flux limit in the real sample) are assigned appropriate upper lim its to  their 
true emission line luminosity. The median emission line lum inosity is chosen so 
as to give an undetected fraction equal to th a t observed in the true  sample. In 
this m anner, a large num ber of (usually 1500) test samples are generated and 
the ASURV package is used to calculate y 2 and K endall’s generalised tau  (z)  for 
each sample. These results are used to derive the frequency distributions for \ 2 
and for z. The significance of the correlations is calculated from these frequency 
distributions.
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Table 6.2 reproduces the results for the Cox proportional hazard  test and 
for K endall’s generalised tau test presented in table 6.1. This table presents the 
regression analysis for various emission line luminosities as a function of total 
radio  power. Column 1 in table 1 lists the dependant variable (z.e. the emission 
line lum inosity correlated against to tal radio power), column 2 lists the num ber of 
galaxies in the sample, column 3 lists the num ber of upper lim its in the sample. 
Colum ns 4 to 6 present the regression results using Cox’s proportional hazard 
test: column 4 lists the value of y 2 derived from the d a ta  and columns 5 and 
6 list the probability of obtaining this \ 2 by chance. The probability  given in 
colum n 5 is calculated by the ASURV package while the probability in column 6 
is calculated from the frequency distribution of y 2 derived from the M onte-Carlo 
sim ulations. Similarly in columns 7, 8 and 9 we present the value of K endall’s 
generalised tau  statistic (denoted z) and the probabilities of observing this value 
for z by chance— calculated using the ASURV package and using the Monte- 
Carlo simulations respectively.
It is clear from the table th a t the significance levels derived from the Monte- 
Carlo simulations are lower than  those given by ASURV. The reason for the 
discrepancy between the calculated significance levels and the sim ulated signifi­
cance levels is unclear. It may be tha t there are certain assum ptions built into 
Survival Analysis th a t are not quite met by our sample. Or the d istribution  of 
errors or d a ta  in our sample may be different to th a t expected by the various 
Survival Analysis techniques. Because the sim ulated samples accurately mimic 
the  d istribution of da ta  and errors in the real sample, we expect the significance 
levels calculated from the M onte-Carlo simulations are more accurate th an  those 
calculated using the ASURV package. However these significance levels do not 
substantially  change the conclusion th a t there is a correlation between to ta l radio 
power and emission line luminosity, which has been substantiated  in a num ber of 
o ther studies discussed below. Hereafter, all quoted significance levels are derived 
from M onte-Carlo simulations.
6.3.2:Comparison with other work: 
high power samples.
Early results on our correlation between to tal radio power and Ha-f[NII] lu­
m inosity were presented by Caganoff et al. (1987). Two concurrent bu t unrelated 
program s examined other aspects of optical line emission in radio galaxies. In 
th is section we briefly outline their findings and relate them  to our results.
Rawlings and Saunders (1987) present evidence for a correlation between 
to ta l radio power and the luminosity in the [OIII]AA4959,5007 emission lines. 
Their sample is the complete 3CR sample of Laing, Riley and Longair (1983).
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The galaxies in their sample are typically an order of m agnitude higher in radio 
lum inosity than  in our sample. Hence most of the sources in their sample be­
long to Fanaroff-Riley class II. Rawlings and Saunders are able to estim ate the 
energy flux in the jets of a large fraction of their sample. In some cases this is 
achieved using techniques similar to those presented by us in chapter 4. They 
derive m ost source ages using assumptions about the evolution of a class II radio 
source through the interstellar and intergalactic medium in regions of different 
environm ental richness (Rawlings 1987). Their task is somewhat easier than  for 
our sample because of the (radio) morphological homogeneity of their sample 
and the fact th a t most of their sources are clearly class II radio sources. This 
contrasts w ith our sample which contains many class I radio sources and a high 
fraction of sources which do not possess classical class II morphology.
Rawlings and Saunders (1987) point out th a t the to tal radio power em itted 
by a radio source depends not only on the energy delivered to the radio lobes, 
bu t also on the environment of the radio source. This is essentially a result of the 
influence of the external medium on the pressure within the radio lobes through 
approxim ate ram  pressure balance. So, for example, a radio source w ith a given 
jet power (he. energy flux down the jet) is more luminous in a dense environm ent 
th an  in a tenuous environment. A dense external m edium raises the pressure in 
the radio lobes thus increasing the radio emissivity of the plasm a and the overall 
radio lum inosity of the source.
By calculating jet powers for a large num ber of sources in their sample, 
Rawlings and Saunders (1987) show th a t there is a correlation between jet power 
and [OIII]AA4959,5007 luminosity with scatter around an order of m agnitude 
less than  th a t between radio luminosity and [OIII] AA4959, 5007 luminosity. This 
result indicates tha t the jet power has a more fundam ental relationship with 
emission line strength than  does radio luminosity.
In figure 6.9 we compare the results for our [OIII] AA4959, 5007 d a ta  with 
those of Rawlings and Saunders (1987). We have recalculated the luminosities of 
the sources in Rawlings and Saunders (1987) sample using a Hubble constant of 
Ho = 100 km s-1 M pc-1 and we have converted the da ta  to the same units as used 
in our analyses. We calculate the 1.4 GHz radio power for Rawlings and Saunders 
(1987) sample from the 178 MHz powers presented by Rawlings (1987) assuming 
a radio spectral index a = 0.7 (S„ oc u~a). In figure 6.9 the results from our 
survey are designated by filled circles while the results of Rawlings and Saunders 
(1987) are designated by open circles. It is clear tha t the bulk of their d a ta  lies at 
substantially  higher radio powers and higher [OIII] A A4959, 5007 line luminosities 
th an  the sources in our sample. We have tested for a correlation in the lum inosity 
dom ain for Rawlings and Saunders sample using the survival analysis techniques
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Log (total power at 1.4GHz) (WHz“1)
Figure 6.9: The correlation between [OIII]AA4959,5007 luminosity and total 
radio power at 1.4 GHz. Filled circles represent the data from our sample while 
open circles represent data from the higher powered sample of Rawlings and 
Saunders (1987). The correlation has a significance of better than 99.99% and a 
scatter around the fit of 0.7 to 0.8 dex.
6-25
discussed above. The sample of Rawlings and Saunders (1987), w ith 43 detections 
and 1 upper lim it, shows a correlation between [OIII] AA4959,5007 lum inosity and 
to ta l radio power at a significance level of better than  99.8% for the Cox test and 
a significance level of 94% for the Kendall r  test. The line of best fit has a slope 
of 0.57 ±  0.16 w ith a scatter about the fit of 0.7 dex.
It is evident tha t the results from the two surveys are consistent w ith each 
other and show a correlation of [OIII] AA4959,5007 luminosity w ith radio power 
over four decades. Correlation analysis for the combined samples, w ith 55 detec­
tions and 10 upper limits, yields a correlation with significance (calculated using 
M onte Carlo sim ulations) of better than 99.93% for both  the Cox and Kendall 
r  tests. The slope of the relation is 0.8 with a scatter around the fit of between 
0.7 and 0.8 dex. Clearly the correlation of Rawlings and Saunders (1987) is 
considerably improved by the contribution from our sample.
Baum et al. (1988) carried out narrow band imaging of the H a+fN II] emis­
sion lines in a representative sample of 38 powerful radio galaxies. Their selection 
criteria included a lower flux-density limit of 8.5 Jy at 408 MHz yielding a sample 
dom inated by high power radio galaxies but extending down to powers covered 
by the radio sources in our sample. Baum et al. (1989a) also report a correla­
tion between to tal emission line luminosity and to tal radio power. Their to ta l 
emission line luminosities are derived from narrow band images in H a+[N II] and 
thus contain a contribution from extended emission line regions where they are 
present. This study provides further independent support for the correlation 
between emission line luminosity and radio luminosity.
In figure 6.10 we plot the correlation between Ho^-b[Nil] line lum inosity and 
to ta l radio power for the radio sources in our sample and in the sample of Baum  
et al.. Radio powers at 1.4 GHz for the sample of Baum et al. have been calculated 
from the radio luminosities listed in Baum and Heckman (1989a) assum ing the 
same frequency cutoffs as they do (10‘ to 1011 Hz) and assuming a spectral index 
of 0.7 for all sources. We also take into account the value for the Hubble constant, 
Ho used by Baum and Heckman. It can be seen from figure 6.10 th a t the sample 
of Baum et al. (1988) extends from radio powers of 1024 W Hz-1 to  102' W H z-1 
with many of the sources lying around 1026 W Hz- 1 . The d a ta  is taken from a 
representative sample and all sources were detected in H(*-f[NII] by Baum  et al. 
(1988). The range of radio powers and emission line luminosities covered by this 
sample is similar to ours and it is clear from figure 6.10 th a t the results from 
these two surveys are in excellent agreement. An analysis of the sample of Baum  
et al. (1988), with 32 detections and no upper limits, yields a correlation between 
Ha+[N II] luminosity and total radio power which is significant at be tte r th an  the 
99.93% significance level for both  the Cox regression and the Kendall generalized
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Log(total power at 1.4GHz) (WHz“1)
Figure 6.10: The correlation between Ha+[NII] luminosity and total radio 
power at 1.4 GHz. Filled circles represent the data from our sample while open 
circles represent data from the sample of Baum et al. (1988). The correlation has 
a significance of better than 99.93% and a scatter around the fit of 0.7 to 0.8 dex.
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tau  regression. The line of best fit has a slope of 0.69 ±  0.09 and a scatter of 
0.6 dex. The combined sample contains 65 detections and 8 upper lim its. The 
addition of our da ta  improves the significance of the correlation and results in a 
line of best fit w ith a slope of 0.7. The scatter around the fit is between 0.7 and 
0.8 dex.
Sum m arising, we find tha t the results of two similar surveys of emission lines 
in high power radio sources show excellent agreement with two of the correlations 
found in our sample. Furtherm ore, the combined da ta  sets exhibit strong corre­
lations extending over four orders of m agnitude in radio power. This extension 
is due, in p a rt to the contribution from our interm ediate power sample.
6.3.3:Comparison with other work: 
low power samples.
A recent survey by Phillips et al. (1986) addressed the incidence of emission 
lines in an optically selected, complete sample of early type galaxies. Their sample 
comprises 238 E and SO galaxies brighter than  14th m agnitude in the blue band. 
As a result of the optical selection criteria, these galaxies are generally nearby 
and have low radio luminosity. Phillips et al. find no correlation between radio 
lum inosity and Ho or [Nil] A6584 emission line luminosity. They do find, however 
th a t detection rates at 1.4 GHz for galaxies with strong emission line are higher 
than  for galaxies with weak or absent emission lines.
Phillips et al. (1986) observed their sample in a narrow wavelength region 
around Ho and [Nil]A6584 to a limiting equivalent w idth of ~  0.5Ä. At this 
sensitivity they find th a t at least 50% of early type galaxies exhibit detectable 
line emission. Our da ta  has a similar sensitivity and it is interesting to compare 
results for the two samples. Figure 6.11 compares the relation between to ta l radio 
power at 1.4 GHz and Ho+[NII] luminosity for our sample (filled circles), the 
sam ple of Baum  et a/.(1988) (open circles) and the sources detected at 1.4 GHz 
in the Phillips et al. sample (crosses). Emission line fluxes have been taken from 
Phillips et al. (1986), while redshifts and radio fluxes come from Sadler (1982). 
This rem arkable diagram  shows the relationship between to tal radio power and 
the H a+ N II emission lines over six decades in radio power. There is an obvious 
difference in the correlation between the high power and low power samples. We 
also note th a t there is a gap in the distribution of radio powers between 1023 and 
1024 W H z-1 which is due to the selection criteria employed in isolating the three 
samples. It would be a useful exercise to fill in this gap using a sample of low to
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in term ediate  power radio galaxies such as those in the Bologna (B2) sample of 
radio galaxies ( e.g. Fanti et al., 1987).
All the statistical tests we use show there is no significant correlation between 
emission line luminosity and radio power for the Phillips et al. sample. This 
contrasts w ith our sample (and those of Rawlings and Saunders 1987 and Baum  
et al. 1989) which show a significant correlation between the emission lines and 
radio emission. It appears then, tha t a direct correlation between the radio 
emission and the narrow line region of early type galaxies “switches on” at a 
radio power of around 1024 5 W Hz-1 at 1.4 GHz. It is highly significant th a t this 
is the transition  region between radio sources with class I morphology and sources 
w ith class II morphology (Bridle 1984). Certainly the radio sources w ithin the 
high power samples which do show a correlation between emission line lum inosity 
and radio power are predom inantly of class II or class I /I I  transition  morphology. 
By contrast, the radio sources in Phillips et al. (1986) are generally unresolved 
or exhibit class I morphology (Sadler, Jenkins and Kotanyi, 1989). This is a 
new and im portan t result which is supported by the qualitative observation of 
Hine and Longair (1979) tha t galaxies with strong emission lines are generally 
associated w ith class II radio sources.
This poses the question of whether the emission line luminosity is more fun­
dam entally  related to radio power or to morphological class? For example, we 
observe a continuous distribution of radio luminosities which undoubtedly re­
flects a continuous distribution of jet powers within the radio sources themselves. 
Models of class II radio sources such as those of Blandford and Rees (1974) and 
Scheuer (1974) indicate a direct relation between jet power and radio luminosity. 
O ther param eters such as the environment tend to add “noise” to this relation. 
For class I sources we expect a similar correspondence between jet power and ra ­
dio luminosity. Indeed Bicknell et al. (1989) find th a t many low lum inosity radio 
sources are in radiative equilibrium between their radio luminosities and their 
inferred jet powers. Hence, if jet power is isomorphic to emission line lum inosity 
we would not expect to see a change in the correlation between radio lum inosity 
and  emission line luminosity such as tha t shown in figure 6.11.
The m ajority  of galaxies in Phillips et al. (1986) which are found to exhibit 
line emission are undetected in the radio part of the spectrum . Except for the 
presence of (weak) emission lines, these “radio quiet” galaxies would be considered 
to be “norm al” early-type galaxies. Phillips et al. (1986) also find a correlation 
between emission line luminosity and blue stellar luminosity in these galaxies. 
These results along with those of Heckman (1980) indicate th a t a low level of 
emission line activity is fairly ubiquitous among norm al early-type galaxies. A 
n a tu ra l in terpretation  of figure 6.11 is tha t class II radio sources exhibit strong
6-29
•  •  •
Log(total power at 1.4GHz) (WHz *)
Figure 6.11: The correlation between Ha-t-NII luminosity and total radio power 
at 1.4 GHz over six decades in radio power. Filled circles represent data from 
our sample, open circles represent data from the higher powered sample of Baum 
et al. (1988) while crosses represent early type galaxies detected at 2.7 GHz in 
the sample of Phillips et al. (1986). The correlation between emission line lumi­
nosity and radio power appears to “turn on” around the Fanaroff-Riley class I/II 
transition region at 1024'5 WHz-1 .
6-30
emission lines, correlated with jet power, in addition to a background of low level 
line emission present in all early-type galaxies. Bicknell (1985) has suggested tha t 
supersonic jets give rise to class II radio sources, while the jets in class I sources 
are subsonic or transonic. We suggest then th a t the incidence of supersonic jets in 
class II radio sources may be responsible for the switching on of the correlation 
between class II radio luminosity (or jet power) and emission line luminosity. 
This may be affected via some interaction mechanism such as shockwaves being 
driven into the interstellar medium and seeding the form ation of emission line 
clouds in a similar m anner to supernova blastwaves giving rise to line emission.
In the next section we present results which indicate th a t there is interaction 
between the radio jets and the emission line regions on scales of hundreds of 
parsecs.
6.3.4: Emission lines and radio core spectral index.
We have already noted the existence of two distinct populations of radio 
sources w ithin our sample— those with flat spectrum  VLA cores (FSC sources) 
and  those with steep spectrum  VLA cores (SSC sources). In chapters 3 and 4 we 
noted a num ber of significant differences between the radio properties of these two 
populations. The SSC sources have a linear size d istribution which is more highly 
peaked toward smaller sources than  the linear size d istribution of FSC sources. 
Long baseline interferom etry shows th a t the core emission from SSC sources has 
a significant contribution from scales of hundreds of parsecs as opposed to FSC 
sources which have unresolved cores on both  VLA baselines (w ith resolution of 
one to several arcseconds) and Parkes-Tidbinbilla baselines (with resolutions of 
approxim ately 0.1 arcsec).
In figures 6-12 to 6-16 we reproduce the emission line lum inosity vs. to tal 
radio power scatter diagrams presented in figures 6-2 to 6-6. In all these diagram s 
we plot the SSC sources with open circles while FSC sources are denoted by filled 
circles. Since we are prim arily interested in the difference between FSC sources 
and SSC sources we do not plot radio sources for which we do not have core 
spectral index information. Sources have no spectral index inform ation either 
because their cores are undetected at both 1.4 GHz and 5 GHz or because of 
difficulty in deriving reliable spectral indices from poor data. We do not expect 
the  exclusion of these sources to bias our results in any way particularly  as there is 
no correlation between core spectral index and core power (see chapter 4) and no 
correlation between core spectral index and to tal radio power. As above, arrows 
represent 3cr upper limits and we only plot error bars where they are larger than  
the symbol. Since we have already established the validity of the correlations for
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the whole sample in the luminosity domain, we do not present correlations in the 
flux dom ain for these data.
Survival analysis correlation tests have been carried out on the FSC and SSC 
sources seperately (ignoring sources with unkown core spectrum ) and the results 
are sum m arised in table 6.3. Note th a t in table 6.3 all significance levels quoted 
have been calculated using the M onte-Carlo technique described in section 6.3.1.1. 
In all cases we find th a t the correlation between emission line lum inosity and to tal 
radio power is stronger in SSC sources than  for FSC sources. In general, the Cox 
regression yields far more significant correlations than  the Kendall generalized 
tau  regression. As noted earlier, the Kendall test is non-param etric and hence 
m ay be more applicable to our da ta  than  the Cox test which assumes an expo­
nential hazard function. The Cox regression finds th a t the correlation between 
emission line luminosity and total radio power for SSC sources has a significance 
of b e tte r than  99.93% for all emission lines, except for Hß  which has a signifi­
cance level of 98%. For the FSC sources however, only the correlations involving 
[Oil] AA3727,9 and [SII] AA6717, 31 show a significant correlation. The correla­
tion between emission line luminosity and total radio power for FSC sources is 
non-existent for the Ha-f[NII], [OIII] AA4959, 5007 and H/3 lines. The Kendall 
generalized tau  regression finds reasonably significant correlations in SSC sources 
for the H a+fN II], [OII]AA3727,9 and H/? lines which all have significance levels 
b e tte r than  95%. For the [SII] AA6717, 31 and [OIII] AA4959, 5007 emission lines, 
the correlation involving SSC sources cannot be said to be at all significant, but 
the significance level for [OIII]AA4959,5007 is significantly better th an  the corre­
sponding significance level for the FSC sources. The Kendall generalized tau  test 
does not yield any significant correlation between emission line lum inosity and 
to ta l radio power for the FSC sources. The analysis here is m ade very difficult by 
the small num bers w ithin each sample and clearly more d a ta  is required to draw 
concrete conclusions. But it does appear th a t the correlation between emission 
line lum inosity and to tal radio power is stronger in radio sources w ith a steep 
spectrum  core than  in radio sources with a flat spectrum  core.
We have perform ed a num ber of two sample tests (Feigelson and Nelson 1985) 
on the emission line luminosities to determine whether there is any significant 
difference in the distribution of emission line luminosities for SSC and FSC radio 
sources. We find th a t there is no significant difference in the d istribution  of 
emission line luminosities between FSC sources and SSC sources for any of the 
emission lines considered above. Thus we cannot say th a t one population of radio 
source (FSC or SSC) has typically more luminous emission lines th an  the other 
population. The m ain difference between the two populations appears to be in 
the presence or absence of a correlation between emission line lum inosity and
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Log(total power at 1.4GHz) (WHz 1)
F ig u re  6 .12a: H o-f [Nil] luminosity as a function of to tal radio power at 1.4 GHz 
for radio sources with steep spectrum  VLA cores.
Log(total power at 1.4GHz) (WHz *)
F igu re  6 .12b: H a+[NII] luminosity as a function of to ta l radio power at 1.4 GHz 
for radio sources with flat spectrum  VLA cores.
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Log(total power at 1.4GHz) (WHz 1)
Figure 6.13a: [Oil]AA3727,9 luminosity as a function of total radio power at 
1.4 GHz for radio sources with steep spectrum VLA cores.
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Figure 6.13b: [Oil]AA3727,9 luminosity as a function of total radio power at 
1.4 GHz for radio sources with flat spectrum VLA cores.
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Log(total power at 1.4GHz) (WHz l)
F igu re 6 .14a: [SIIJAA6717,31 luminosity as a function of to ta l radio power at 
1.4 GHz for radio sources with steep spectrum  VLA cores.
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F igu re  6 .14b: [SII]AA6717,31 luminosity as a function of to tal radio power at 
1.4 GHz for radio sources with flat spectrum  VLA cores.
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Log(totaI power at 1.4GHz) (WHz )
Figure 6.15a: [OIII] AA4959, 5007 luminosity as a function of total radio power 
at 1.4 GHz for radio sources with steep spectrum VLA cores.
Log(total power at 1.4GHz) (WHz 1)
Figure 6.15b: [OIII]AA4959,5007 luminosity as a function of total radio power 
at 1.4 GHz for radio sources with flat spectrum VLA cores.
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Log(total power at 1.4GHz) (WHz 1)
F ig u re  6 .16a: H/3 luminosity as a function of to tal radio power at 1.4 GHz for 
radio  sources w ith steep spectrum  VLA cores.
Log(total power at 1.4GHz) (WHz *)
F ig u re  6 .16b : H/3 luminosity as a function of to tal radio power a t 1.4 GHz for 
radio  sources w ith flat spectrum  VLA cores.
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to tal radio power. We note however, tha t the correlation between to ta l radio 
power and emission line luminosity does carry on into radio sources of higher 
power. We cannot dispute the existence of this correlation in FSC sources over 
a larger range in radio power, but t appears th a t the degree of scatter in the 
correlation is lower in SSC sources than  in FSC sources.
Table 6.3: Two-sample luminosity regression.
D e p e n d a n t
v a r i a b l e
N o .  o f  
p o i n t s x 2
C o x
P h „ (% )
K e n d a l l
 ^ P h „ (% )
E . M .
slope <t
B .J .
slope <r
S c h m i t t
slope
H a +  [Nil] 
Steep cores
7
(1  I L . l . )
8 .8 < 0 .0 7 2 .3 4 .3 1.5
± 0 .2
0 .5 2 1.4
± 0 .2
0 .3 6 1 .6 3
H a +  [Nil] 
F la t cores
14
(6  I L . l . )
1.1 9 9 .5 1 .13 3 2 .8
[Oil]
S teep cores
10
(6  u . l . )
11 .0 < 0 .0 7 2.4 1.1 2 .0
± 0 .4
0 .8 6 2 .11
[Oil]
F la t cores
15
(7  u . l . )
2 .9 < 0 .0 7 1.6 13
[S I I ]
Steep cores
8
(3  I L . l . )
5 .7 < 0 .0 7 2 .0 11 1.8
± 0 .5
0 .8 7 1.7
± 0 .7
0 .9 6 2 .0 9
[SII]
F la t cores
13
(5  U .  1. )
3 .5 < 0 .0 7 1.7 15
[OIII]
S teep cores
6
(2  u . l . )
3 .7 < 0 .0 7 1.1 46 1.6
± 0.6
0 .5 9 1.5
± 0 .5
0 .3 7 2 .0 7
[OIII] 
F la t cores
8
(2  U . l . )
0 .0 2 100 0 .41 80
H/3
S teep cores
5
(0  u . l . )
5 .6 1.9 2.0 2.1 1.1
± 0.2
0 .1 8 1.1
± 0 .2
0 .2 3 1 .16
H/3
F la t cores
11
(4  U . l . )
1.0 100 1.0 46
We have already shown in chapter 3 tha t long-baseline observations with a 
typical resolution on the order of 100 parsecs resolve a significant fraction of the 
emission from steep spectrum  VLA cores in our sample whereas the flat spectrum  
VLA cores rem ain unresolved at these resolutions. The steep spectrum  radio cores 
are dom inated by optically thin emission on scales of hundreds of parsecs which 
appears to be absent in the sources with flat spectrum  cores. In chapter 7 we 
present a model in which deceleration of the jet on scales of hundereds of parsecs 
from the central engine causes an enhancement of the optically th in  emission from 
the je t and the subsequent observation of a steep spectrum  core on scales of tens 
to hundreds of parsecs. We conjecture here tha t the cause of the jet deceleration 
and hence the cause of the VLA core spectral index is in teraction  between the 
jet and the narrow emission line gas.
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6.4: Radio cores and emission lines.
Given the  hypothesised interaction between the kiloparsec scale radio jet 
and the emission line region, we now examine the relation between the radio core 
lum inosity and the emission line luminosity.
Some of the radio cores in our sample are undetected so we have doubly 
censored data. Hence only two statistical tests (K edah’s r  and the Schm itt re­
gression) can be applied to these data. Figures 6-17 to 6-21 present diagram s of 
emission line luminosity as a function of radio core power at 5 GHz. As in the 
previous diagram s open circles represent SSC sources while filled circles represent 
FSC sources. Crosses represent sources for which we have no core spectral index 
inform ation. Arrows represent upper limits and we only plot error bars which 
are larger th an  the symbol size. Details of the statistical tests are presented 
in table 6.4, and a comparison with tables 6.1 and 6.2 shows th a t the correla­
tion between emission line luminosity and core radio power is weaker th an  th a t 
between the emission lines and the to tal radio power. This suggests th a t the 
to ta l radio power is more fundam entally correlated with emission line lum inosity 
th an  the core power. Rawlings (1987) and Baum and Heckman (1989a) also find 
correlations between emission line luminosity and core radio power which is less 
significant th an  tha t between emission line luminosity and to ta l radio power.
For these da ta  we also find tha t the SSC sources show a stronger correlation 
between emission line luminosity and core radio power than  do the FSC sources 
(except for the [SII]AA6717,31 lines where the significance of the correlation for 
FSC sources is actually slightly higher than  the correlation for SSC sources). In 
all cases except for [OIII] AA4959, 5007 and [SII] AA6717,31, the significance of the 
SSC correlations for core radio power are less than  the corresponding significance 
levels for the SSC emission.
We have already noted the possibility of interactions between the jet and 
the narrow-line region on kpc scales. It is curious th a t emission line strength  
(at least in the SSC sources) should correlate most strongly w ith the total radio 
emission than  with the core radio emission which is essentially coprovenant with 
the narrow  line emission. It has been argued th a t this is the case because the 
radio core is subject to  variability on timescales of m onths to years whereas the 
narrow  line region and the to tal radio power are of sufficient size th a t they are 
subject to variability only on timescales of at least tens of thousands of years. 
This may be a valid argum ent for the FSC sources where opaque radio emission 
arises from parsec size regions. We have argued th a t steep spectrum  cores are 
dom inated by optically thin emission from scales on the order of hundreds to
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Table 6.4: Radio core vs. 
emission line luminosities.
D ependant
variable
N o. of 
points
Kendall
* Ph„(%)
Schm itt
slope
H a  +  [Nil] 
All cores
27
(9 U. l . )
2.66 2.0 0.55
H a  +  [Nil] 
Steep cores
7
(1 U. l . )
1.95 10 0.73
H a  +  [Nil] 
F la t cores
14
(6 U. l . )
1.28 23 0.28
[Oil]
All cores
32
(17 u . l . )
2.32 1.5 0.44
[Oil]
Steep cores
10
(6 U. l . )
1.98 5.5 0.69
[Oil]
F la t cores
15
(8 U. l . )
1.18 25 0.42
[SII]
All cores
27
(11 u . l . )
3.39 <0.07 0.85
[SII]
Steep cores
8
(3 U . L )
1.98 6.1 0.98
[SII]
F la t cores
13
(5 u . l . )
2.35 1.7 0.62
[OIII] 
All cores
18
(7 u . l . )
1.82 9.5 0.56
[OIII]
Steep cores
6
(2 U. l . )
1.91 7.0 0.82
[OIII] 
F la t cores
7
(2 U. l . )
0.65 57 -0 .4 0
K ß
All cores
21
(8 U. l . )
2.20 4.7 0.46
H/3
Steep cores
5
(o u . L )
1.47 9.4 0.33
H/9
F la t cores
10
(4 U. l . )
0.27 60 0.13
thousands of parsecs. In this case variability timescales for the SSC is greatly 
lengthened and the above argum ent correspondingly weakened.
In the core-jet model presented in chapter 7 we show reasons why the to tal 
radio power may be more directly related to  emission line lum inosity than  the 
core radio power.
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ILog (core power at 5 GHz) (WHz *)
F igu re  6.17: H a+[N II] luminosity as a function of core radio power a t 1.4 GHz. 
Open circles represent steep spectrum  core sources, filled circles represent flat 
spectrum  core sources, Crosses represent cores with unkown spectral index.
Log (core power at 5 GHz) (WHz-1)
F igu re  6 .18: [Oil] AA3727, 9 luminosity as a function of core radio power at 
1.4 GHz. Open circles represent steep spectrum  core sources, filled circles rep­
resent flat spectrum  core sources, crosses represent cores w ith unkown spectral 
index.
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Log (core power at 5 GHz) (WHz x)
F igu re  6 .19: [SIIJAA6717,31 luminosity as a function of core radio power at 
1.4 GHz. O pen circles represent steep spectrum  core sources, filled circles rep­
resent flat spectrum  core sources, Crosses represent cores w ith unkown spectral 
index.
Log (core power at 5 GHz) (WHz“1)
F igu re  6 .20: [OIII]AA4959,5007 luminosity as a  function of core radio power 
a t 1.4 GHz. O pen circles represent steep spectrum  core sources, filled circles 
represent flat spectrum  core sources, crosses represent cores w ith unkown spectral 
index.
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Log (core power at 5 GHz) (WHz *)
F igu re  6 .21: H/2 luminosity as a function of core radio power at 1.4 GHz. Open 
circles represent steep spectrum  core sources, filled circles represent flat spectrum  
core sources, Crosses represent cores with unkown spectral index.
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6.5: Emission line ratios.
Because of the wide spectral range available from our AAT observations, we 
are able to derive emission line ratios for a significant fraction of our sample. To 
our knowledge this is the first study to determ ine emission line ratios of an un­
biased radio selected sample of early-type galaxies. Antonucci (1984) examined 
emission line ratios in an inhomogeneous sample of powerful radio galaxies (with 
some Seyfert galaxies). He found th a t the ratios of [Oil] AA3727, 9/[OIII]A5007 
and [01] A6300/[OIII] A5007 are typically higher in radio sources w ith Fanaroff- 
Riley class II morphology than  in radio sources with other morphologies. We 
note th a t Antonucci’s (1984) sample was largely taken from the extensive work 
on emission line ratios in radio galaxies by Osterbrock, Koski and Phillips (1975), 
Costero and Osterbrock (1977) and Koski (1978) which was carried out on ra ­
dio galaxies already known to exhibit strong emission lines. Our sample is not 
intrinsically biased toward sources with strong emission lines except in the sense 
th a t at least one line in each ratio  must be detectable in order to obtain  any 
inform ation on the line ratio. Thus we do have a bias toward detectable emission 
lines bu t there is no a priori bias in the sample selection.
Thes line ratios presented here predom inantly involve ratios of the first three 
ionic species of oxygen ([01]A6300, [OII]AA3727,9 and [OIII]AA4959,5007) plus 
H a, B.ß and [NII]A6584. These are generally the most easily observed emission 
lines in galaxies.
Table 6.5 presents the line ratios. We have corrected for galactic extinc­
tion using the extinction data  of Burstein and Heiles (1982) and the extinc­
tion curve tabu lated  in Kaler (1976). Column 1 presents the radio source 
nam e, columns 2 to 6 present values for the emission line ratios [Nil]A6584/Ha, 
[Oil] AA3727,9 / [OIII] A5007, [01]A6300/[OIII] A5007, [OI]A6300/Ha and K a / K ß  
respectively. Column 7 presents the visual extinction (in m agnitudes) derived 
from the H a/H /3 ratio  assuming H a/H /5=  2.86, which is valid for case B, 
T  =  104 K  and n e = 100 cm-3 (Osterbrock 1974). Column 8 lists the visual 
extinction (in m agnitudes) due to galactic extinction from Burstein and Heiles 
(1982). Note th a t in all cases where we detect H/?, the derived extinction is some­
w hat greater than  th a t expected from galactic extinction. If our assum ed Balmer 
decrem ent is valid then this result indicates th a t there is significant extinction 
due to  dust internal to the radio galaxy.
We do not take into account any extinction w ithin the radio galaxy because in 
m ost cases we do not know the strength of this extinction component. A lthough 
we have H a/H /3 ratios for 11 of the sources in our sample which could be used
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Table 6.5: Emission line ratios.
P K S  nam e [ N I I ]  A 6 5 8 4  
H a
[ O I I ] A A 3 7 2 7 , 9  
[ O I I I ]  A 5 0 0 7
[ O I ]A  6 3 0 0  
[ O I I I ]  A 5 0 0 7
[ O I ]  A 6 3 0 0  
H a
H a
U ß
A v(obs) f A v(B & H )t
0116-190 1.01 0.58 0.021
0208-240 1.60 0.17 <0.06 <0.14 >4.33 >0.29 0.075
0229-208 >1.26 0.021
0240-217 0.37 5.25 2.5 0.24 0.021
0304-122 0.16 0.61 0.12
0326-288 0.96 4.49 1.18 0.08 4.66 0.34 0.021
0344-345 1.58 1.64 1.43 0.52 11.79 0.98 0.021
0349-278 0.64 0.90 0.15 0.24 3.71 0.18 0.06
0449-175 <0.17 >0.95 <0.10 >2.95 >0.02 0.09
0453-206 7.42 >0.53 0.60 0.06
0511-305 0.90 1.50 <0.33 <0.16 4.17 0.26 0.06
0521-329 >3.60 0.06
0533-120 >1.51 4.95 0.45
0614-349 0.60 0.62 0.12 0.21 5.40 0.44 0.075
0634-205 0.43 1.02 0.04 0.08 4.47 0.31 1.35
0915-118 0.74 6.62 1.7 0.24 8.31 0.74 0.12
1053-282 2.90 0.28 0.21
1103-244 <0.44 <0.15 0.59 >0.73 > -0 .9 4 0.18
1258-229 1.20 1.39 0.32 0.20 0.18
1323-271 2.07 0.18
1324-300 0.86 >1.59 > -0 .4 1 0.18
1329-257 <0.065 1.01 0.18 0.10 12.13 1.00 0.18
1405-298 0.18
1414-212 0.32 0.24
1423-177 <0.032 <0.019 0.21
1449-129 0.24
1517-283 2.01 0.42
1553-328 0.71 <0.083 0.54
1555-140 1.35 0.30 >0.80 > -0 .8 8 0.64
1654-137 1.08
1712-120 1.08
2013-308 0.09 0.27
2030-230 <0.17 0.73 0.11 0.16 4.53 0.32 0.15
2040-267 <0.45 0.24
2053-201 0.60 0.15
2058-282 0.3
2117-269 0.54 0.06
2134-281 0.021
2159-335 2.04 0.60 0.26 0.30 8.41 0.74 0.03
2206-237 1.22 >0.78 0.06
2225-308 <0.50 0.021
2236-176 0.18 0.13 0.03 0.06 21.80 1.40 0.021
2317-277 0.19 11.43 1.83 0.12 0.075
f T otal ex tinction  derived from  th e  H a/H /3 ra tio—see tex t for details. 
I  G alactic ex tinction  from  B urstein  and Heiles (1982).
to  infer the  to ta l extinction, Baldwin, Phillips and Terlevich (1981) th a t for 
active galaxies, an extinction correction based upon the observed Ho/H/3 ratio  
is ra ther uncertain because of the unkown effects of collisional excitation and 
self-absorption, and geometry of the narrow-line region. We also refrain from
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applying any extinction correction beyond th a t due to galactic extinction because 
it is not generally applied to the emission line ratios presented in the literatu re , in 
particu lar those presented in Baldwin, Phillips and Terlevich (1981) and Ferland 
and Netzer (1983) with which we compare our results.
6.5.1:C om parison  of line ratios w ith  o ther 
active galaxy spectra .
A useful set of emission line diagnostics has been presented by Baldwin, 
Phillips and  Terlevich (1981). These comprise two dimensional plots of various 
emission line ratios which are easily observable and provide reasonable seperation 
of different classes of emission line object. Figures 6.22 to 6.25 present plots of 
line ratios for our data. In each of these figures panel a) presents the d a ta  from 
our sample. As usual, FSC sources are represented by filled circles, SSC sources 
are represented by open circles and crosses represent sources which have unknown 
core spectral index. The b) panel in each figure presents d a ta  for the  same line 
ratios from the literature (Ferland and Netzer 1983). These include emission line 
objects of various classifications from liner (Low Ionisation Nuclear Emission 
Regions; Heckman 1980) objects to Seyfert galaxies. In the diagram s from Ferland 
and Netzer (1985), a “+ ” sign represents a liner galaxy, an open circle represents 
a Seyfert II galaxy and an open square represents a broad line object. Also 
presented in these diagrams are curves corresponding to  the locus of emission 
line ratio  as a function of the ionisation param eter from photoionisation models 
calculated by Ferland and Netzer (1983). These curves are labelled “0.1 Solar,” 
“0.3 Solar” and “Solar” according to the abundance used in the models. Tick 
m arks along each model curve labelled 10~2, 10~3 and 10-4 denote the value of 
the ionisation param eter at these points. The ionisation param eter, U is defined 
in Ferland and Netzer (1983) and represents the ratio  of the num ber density of 
ionising photons to the num ber density of electrons at the inner face of the ionised 
cloud.
It is clear from a comparison of panel a) with panel b) in figures 6.22 to  6.25 
th a t the emission line ratios observed in our sample populate a similar region of 
param eter space to other active galaxies (Seyfert galaxies and liner galaxies). 
In particu lar we note th a t our sample exhibits a continuum  of line ratios ranging 
from liner type spectra to Seyfert type spectra. We also note th a t there is no 
system atic trend  of emission line ratios with the spectrum  of the VLA core.
It is well known th a t narrow line radio galaxies w ith strong emission lines ex­
hibit emission line spectra similar to Seyfert II galaxies (Koski 1978, O sterbrock, 
Koski and Phillips 1975, 1976). Heckman (1980) first defined the class of liner 
spectra to  describe spectra found in a large fraction of norm al early type galaxies.
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Log([On]X37274-9/ [ 0m ]X 5007)
Figure 6.22a: Line ratio diagram of [Nil] A6584/Ho: as a function of the line ratio 
[Oil]AA3727,9 / [OIII]A5007. Open circles represent steep spectrum core sources, 
filled circles represent flat spectrum core sources, crosses represent cores with 
unkown spectral index.
Solar
-H- +  +
0 3 Solar
+ Liners 
o Seyfert 2 s 
°  Brood line objects
0.1 Solar
1.0
[OH] 3 7 2 7
[ODD 5 0 0 7
Figure 6.22b: Line ratio diagram of [NII]A6584/Ha as a function of the line 
ratio [Oil]AA3727,9 / [OIII]A5007. These data are taken from Ferland and Netzer 
(1983).
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Figure 6.23a: Line ratio diagram of [OIII]A5007/H/3 as a function of the line 
ratio [OIIJAA3727,9 /[OIII]A5007. Open circles represent steep spectrum core 
sources, filled circles represent flat spectrum core sources, crosses represent cores 
with unkown spectral index.
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Figure 6.23b: Line ratio diagram of [OIII] A5007/H/9 as a function of the line 
ratio [OIIJAA3727,9 /[OIII]A5007. These data are taken from Ferland and Netzer 
(1983).
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Figure 6.24a: Line ratio diagram of [OI]A6300/Ho; as a function of the line ratio 
[Oil]AA3T27,9 /[OIII]A5007. Open circles represent steep spectrum core sources, 
filled circles represent flat spectrum core sources, crosses represent cores with 
unkown spectral index.
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Figure 6.24b: Line ratio diagram of [OI]A6300/Ha as a function of the line 
ratio [Oil]AA3727,9/[OIII] A5007. These data are taken from Ferland and Netzer 
(1983).
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Figure 6.25a: Line ratio diagram of [OI]A6300/[OIII]A5007 as a function of the 
line ratio [Oil]AA3727,9 /[OIII]A5007. Open circles represent steep spectrum core 
sources, filled circles represent flat spectrum core sources, crosses represent cores 
with unkown spectral index.
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Figure 6.25b: Line ratio diagram of [01] A6300/ [OIII] A5007 as a function of the 
line ratio [Oil]AA3727,9 /[OIII]A5007. These data are taken from Ferland and 
Netzer (1983).
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These LiNERspectra are characterised by a large [Oil] AA3727, 9 / [OIII] A5007 ratio 
and a relatively large [Ol]A6300/  [OIII]A500T ratio. Phillips et al. (1986) note 
th a t m any of the galaxies in their optically selected sample of early type galaxies 
exhibit large [Nil] A6584/H« ratios suggesting th a t many of their low power or 
radio quiet elliptical galaxies exhibit LlNER-type spectra.
In chapter 1 we briefly outlined the history of ideas about the ionisation 
m echanism  in LINER galaxies. We concluded th a t the current popular view has 
LINER type spectra as being the result of photoionisation. This is generally ac­
cepted for late-type liner galaxies but has not yet been established for early-type 
galaxies (O sterbrock and Mathews 1986). In chapter 2 we showed th a t our sam ­
ple is an homogeneous and complete sample of radio galaxies. It therefore seems 
likely th a t one mechanism is responsible for ionisation of the emission line gas 
in all the galaxies in our sample. Given the continuity in our sample between 
LlNER-type spectra and Seyfert-type spectra, we suggest th a t one mechanism is 
responsible for both  the Seyfert-type and LlNER-type spectra in our sample. Thus 
our results provide evidence for a photoionisation mechanism for liner spectra 
in early-type galaxies.
In figures 6.22 to 6.25 we observe th a t our emission line ratios, as well as 
those published in the literature, quite reasonably follow the trend  of the pho­
toionisation models of Ferland and Netzer (1983). It appears th a t photoionisation 
models are able to m atch the general distribution of emission line ratios in our 
sample. The emission line ratios do however show considerable scatter. This may 
be due to a num ber of different effects such as differing abundance, gas densities 
and tem peratures or different spectral shapes for the ionising continuum .
6.5.2: Line ratios and radio power.
It is potentially very informative to examine w hether there is a correlation 
between the ionisation state of the emission line gas and the radio power in our 
sam ple of galaxies. It is suggestive th a t studies of norm al early type galaxies 
or galaxies w ith low levels of activity tend to find liner type spectra  (Heckman 
1980, Phillips et al. 1986). It is also suggestive th a t many powerful radio sources 
exhibit Seyfert type spectra (Koski 1978). The results for the powerful sources 
however should be treated  with caution since they are generally not from complete 
samples bu t have been studied because of their strong emission lines. In particu lar 
we note the case of PKS 2322-123 which exhibits very strong emission lines yet 
has line ratios characteristic of a LlNER-type spectrum  (Costero and O sterbrock 
1977).
The relationship between the emission line ratios discussed above and the 
to ta l radio power at 1.4 GHz for the sources in our sample is shown in figures 6.26
6-51
to 6.32. In figure 6.27 we include [Nil] A6584/Ha ratios from the sample of Phillips 
et al. (1986) to illustrate the trend in the ratio  of [NII]A6584/Ha: over five orders 
of m agnitude in radio power. Our sample shows a much broader scatter in the 
ratio  of [NII]A6584/Hce than  does the sample of Phillips et al. (1986). This may, 
in p a rt, be due increased uncertainty in the [Nil] A6584/Ha ratio  for our sources 
since we have derived them  from profile fits (see chapter 5). We do believe, 
however th a t this is a real effect due to the increased prominence of Ho in the 
Seyert-type spectra observed in many of the sources in our sample.
Figure 6.30 is noteworthy because it appears to show a trend  in the ratio  of 
decreasing [01] A6300/  [OIII] A5007 with increasing radio power. This is in m arked 
contrast to all the other diagrams of line ratio  as a function of radio power which 
show no significant trend of line ratio  with radio power within our sample.
6.5.2.1: Radio sources and X-ray emission.
In analysing the trend of the [OI]A6300/[OIII]A5007 ratio  w ith radio power 
it is im portan t to examine the two labelled radio sources in the top right corner 
of figure 6.30 which lie some distance away from the trend  followed by all the 
o ther sources in this diagram. These apparently aberrant sources are Hydra A 
(PKS 0915-118) and PKS 0240-217. It is well known tha t H ydra A is a peculiar 
radio source. It has a high radio power, yet exhibits a peculiar class I radio 
morphology (see appendix C). Moreover, the radio source lies at the centre of a 
highly luminous, extended X-ray source. It is commonly thought th a t H ydra A 
lies at the centre of a large cooling flow (Heckman et al. 1989). The other labelled 
source in figure 6.30, PKS 2322-123 is also associated w ith a possible cooling flow 
(Heckman et al. 1989).
Comprehensive emission line ratios for cooling flow nebulae are rare, but 
Heckman et al. (1989) note th a t cooling flow nebulae fall into two distinct groups 
depending on the strength of [Nil] A6584, [SII] AA6717, 31 and [OIJA6300 with 
respect to Hce. In particular, Hydra A, PKS 0745-191 and PKS 2322-123 belong 
to the group with strong [OIJA6300/H« but relatively weak [Nil] A6584/Ho and 
[SII]AA6717, 31/H o. All these sources appear in our sample. We do not have data  
on the strength  of [OIII]AA4959,5007 for PKS 0745-191 so it does not appear in 
figure 6.30. PKS 0240-217 lies at the centre of a strong X-ray source (Fabbiano, 
private communication) but has not been recognised in the literatu re  as being 
associated w ith a possible cooling flow. We suggest, based upon the sim ilarity of 
the oxygen line ratios of PKS 0240-217 with those of Hydra A and PKS 2322-123, 
and based upon i t ’s association with a strong X-ray source, th a t PKS 0240-217 
is another candidate for a cooling flow.
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F igu re 6.26: Diagram of [OIIJAA3727,9 / [OIII]A500T as a function of the to tal 
radio power at 1.4 GHz. Open circles represent steep spectrum  core sources, filled 
circles represent flat spectrum  core sources, crosses represent cores w ith unkown 
spectral index.
Log(total radio power at 1.4 GHz) (WHz“1)
F igu re  6.27: Diagram  of [NII]A6584/Ho as a function of the to ta l radio power 
at 1.4 GHz. Open circles represent steep spectrum  core sources, filled circles 
represent flat spectrum  core sources, crosses represent cores w ith unkown spectral 
index. All sources with to tal power less than  1024 W H z ~ l come from the sample 
of Phillips et al. (1986).
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F igu re  6.28: Diagram of [OIIIJA5007/H/3 as a function of the to ta l radio power 
at 1.4 GHz. Open circles represent steep spectrum  core sources, filled circles 
represent flat spectrum  core sources, crosses represent cores w ith unkown spectral 
index.
L og(tota l rad io  pow er a t  1.4 GHz) (WHz“ 1)
F igu re 6.29: Diagram  of [OI]A6300/Ha as a function of the to ta l radio power 
at 1.4 GHz. Open circles represent steep spectrum  core sources, filled circles 
represent flat spectrum  core sources, crosses represent cores w ith unkown spectral 
index.
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F igu re  6.30: Diagram of [01] A6300/ [0111] A5007 as a function of the to ta l radio 
power a t 1.4 GHz. Open circles represent steep spectrum  core sources, filled 
circles represent flat spectrum  core sources and crosses represent sources with 
unkown core spectral index. The labelled sources are discussed in section 6.5.2.1.
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F igu re  6.31: Diagram  of [01] A6300/[0111] A5007 as a function of the to ta l radio 
power at 1.4 GHz. In this case open circles represent sources which have weak 
or undetected  X-ray emission, filled circles represent sources which are asociated 
w ith strong, extended X-ray sources and crosses represent sources for which no 
X-ray d a ta  is available.
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Six of the radio sources presented in figure 6.30 have been observed w ith the 
Einstein X-ray Observatory (Fabbiano, private communication). Of these six, 
three (PKS 0240-217, Hydra A and PKS 2322-123) are associated w ith bright 
X-ray sources. These three sources also have the highest ratio  of [OI]A6300to 
[OIII] A500T found in our sample. The other three sources (PKS 0349-278,
PKS 0634-205 and PKS 2317-277) show little or no detectable X-ray emission. 
These sources have “norm al'1 values for [01] A6300/  [OIII] A5007 which follow the 
general trend  of the other sources in figure 6.30. In figure 6.31 we plot figure 6.30 
using different symbols for the sources. In this figure, crosses represent sources 
for which we have no X-ray data, filled circles represent sources where strong 
X-ray emission is detected and open circles represent sources where little  or no 
X-ray emission is detected.
Heckman et al. (1989) discuss a num ber of mechanisms for heating the emis­
sion line nebulae in cooling flows. They find th a t three possibilities are; tapping  
of the kinetic energy of the cooling flow, heating by processes associated w ith 
the radio plasm a and X-ray heating by the intracluster medium. W hetever the 
mechanism, it is likely th a t the emission lines in the three radio sources PKS 0240- 
217, H ydra A and PKS 2322-123 arise (or have a significant contribution) from a 
m echanism which is quite different to th a t found in the “norm al” radio galaxies 
making up the bulk of our sample. We therefore feel it is justifiable to  ignore 
these three radio sources in the following discussion of line ratios.
6.5.2.2: Radio power and the ionising continuum .
The relationship between the [01]A6300/  [OIII] A5007 line ra tio  and radio 
power is shown in figure 6.30. If, as discussed in the previous section, we ignore 
the radio sources PKS 0240-217, Hydra A and PKS 2322-123 then we do find a 
trend  of decreasing [01] A6300/  [OIII] A5007 with increasing radio power. We call 
this a trend  since the significance levels from the Cox test and the Kendall r  test 
are not very high. The Cox test finds a correlation at a significance level of 92%. 
The Kendall r  test finds a correlation with at a significance level of 98%. Regres­
sion tests show th a t the line of best fit for the relation has a slope of —0.5T0.3. We 
clearly need more d a ta  to determ ine if there really is an anti-correlation between 
the [01] A6300/  [OIII] A5007 ratio and to tal radio power. However, we proceed to 
examine the physical implications of such an anti-correlation if it does exist.
The ratio  [01] A6300/[OIII] A5007 is strongly correlated w ith the ionisaton 
param eter for photoionised emission line regions ( e.g. Ferland and Netzer 1983) 
and so we may expect th a t the relation between [01] A6300/ [OIII] A5007 and 
to ta l radio power indicates increasing ionisation param eter w ith increasing ra ­
dio power. There is a problem with this in terpretation however, because we
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Figure 6.32: Diagram showing the dependance of the [01]A6300/ [OIII]A5007 
and [Oil]AA3727,9 /[OIII]A5007 line ratios on the ionisation paramater. The two 
line ratios have a similar dependance on ionisation parameter. These curves are 
derived from the solar abundance photoionisation models presented in Ferland 
and Netzer (1983).
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Figure 6.33: Diagram showing the dependance of the [01]A6300/ [OIII]A5007 
and [OIIJAA3727,9 / [OIII]A5007 line ratios on the spectral index of the power-law 
ionising continuum. For soft spectra (a > 1) the [Oil]/[OIII] ratio is essentially 
independant of the spectral index. Conversely the [01]/[Oil] ratio still has a 
strong dependance. These curves are taken from photoionisation models pre­
sented by Binette, Courvoisier and Robinson (1988).
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do not see any significant trend of the ratio  [OII]AA3727,9/[OIII]A5007 with 
radio power. Figure 6.32 shows the behaviour of [01]A6300/[OIII]A5007 and 
[OII]AA3727, 9/[OIII]A5007 as a function of the ionisation param eter, U , from the 
models of Ferland and Netzer (1983). These two functions have similar slope indi­
cating th a t the strength of the dependence of the two line ratios on the ionisation 
param eter is the same. Hence we should see a trend of [Oil] AA3727, 9 / [OIII] A5007 
w ith radio power similar to the trend of [01] A6300/  [OIII] A5007 with radio power.
The line ratio  [Oil] AA3727, 9 / [OIII] A5007 is more sensitive to extinction than  
is the ratio  [01] A6300/  [OIII] A5007, so our neglect of internal extinction may in tro­
duce sufficient scatter into the relationship between [Oil] AA3727, 9 / [OIII] A5007 
and radio power to obliterate any trend. We have Ho/H/3 ratios for eleven sources 
and have calculated the ratio of [Oil] AA3727, 9 to [OIII]A5007 for these sources 
assum ing th a t Ha/H.ß=  2.86 (see table 6.5 and the related discussion above). In 
all bu t two sources the resulting [Oil] AA3727,9 / [OIII] A5007 ratio  is less than  a 
factor of two different from th a t calculated by ignoring internal extinction. W hen 
we compare the la tte r [Oil] AA3727, 9 / [OIII] A5007 ratios w ith to ta l radio power 
we still do not see any trend of [OII]AA3727,9 / [OIII]A5007 w ith radio power. 
Thus our neglect of internal extinction does not affect our conclusion th a t there 
is no trend  of [OII]AA3727,9/[OIII]A5007 with to tal radio power.
Hence the lack of a trend between [OII]AA3727,9/[OIII]A5007 and to ta l radio 
power makes it unlikely th a t the trend of [01] A6300/[OIII] A5007 w ith to ta l radio 
power is a result of increasing ionisation param eter w ith increasing to ta l radio 
power. This is supported by the lack of any trend w ith radio power in any of the 
o ther line ratios presented in figures 6.26 to 6.29.
B inette, Courvoisier and Robinson (1988) have examined the effect on emis­
sion line ratios of variations in the spectrum  of the ionising continuum  in pho­
toionisation models. Figure 6.33 presents the dependance of the 
[01] A6300/ [OIII]A5007 and [Oil]AA3727,9 / [OIII]A5007 ratios as a function of 
spectral index, a ( f u oc v ~a) for photoionisation via a power-law ionising con­
tinuum . These models are not quite independent of ionisation param eter as the 
ionising continua have been normalised to m aintain an approxim ately constant 
level of excitation in the spectra. We refer to the paper of Binette, Courvoisier and 
Robinson (1988) for further details. The im portant feature to note in figure 6.33 
is th a t for a wide range of spectral index a  >  1, the [Oil] AA3727, 9 / [OIII] A5007 
line ratio  is relatively insensitive to the hardness of the spectrum . Conversely, 
the [OI]A6300/[OIII]A5007 line ratio  is very sensitive to the hardness of the spec­
trum . The spectral index of the ionising continuum  in radio galaxies is expected 
to lie around 1.5 ( e.g. Ferland and Netzer 1983, Yee and Oke 1979) and thus it 
is reasonable to suppose tha t the relative sensitivity of [01] A6300/[OIII] A5007 to
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the hardness of the spectrum  is a factor which m ust be taken into account in the 
emission line regions studied here.
Thus we conjecture tha t the observed trend in [OI]A6300/[OIII] A5007 with 
to tal radio power is a result of a trend toward a softer photo-ionising spectrum  
(larger a)  w ith increasing radio power. Variations in the ionisation param eter 
are also likely to affect our da ta  and probably introduce considerable scatter into 
the relations between the various line ratios and to tal radio power. However, we 
find th a t ionisation param eter does not correlate w ith radio power.
This is a very interesting conjecture which should obviously be established 
via a follow up study of a larger num ber of emission line objects. For the moment 
we present this conjecture based upon our d a ta  and do not hypothesise any 
theoretical basis for the relationship between the ionising continuum  and the 
radio source.
6.6: Conclusions.
In this chapter we have taken the optical emission line fluxes presented in 
chapter 5 and examined a large num ber of relationships between the optical 
emission lines luminosities and the radio source luminosities.
We find th a t there are general correlations between the emission line lum inos­
ity and the to ta l radio power in the H a + [Nil], [OII]AA3727,9, and [SII]AA6717,31 
emission lines. There may also be a correlation between [OIII] AA4959, 5007 lum i­
nosity and to ta l radio power, bu t we have insufficient d a ta  to be certain. Upon 
dividing our sample into sources with flat spectrum  cores (FSCs) and sources with 
steep spectrum  cores (SSCs), we find th a t there appears to be a difference be­
tween the two populations in their relationship between emission line luminosity 
and to ta l radio power. The SSC sources all show a between emission line lum inos­
ity and to ta l radio power for all the emission lines except [OIII] AA4959, 5007and 
[SII]AA6717,31. Conversely the FSC sources show no correlation at all, except for 
[SII] AA6717, 31. The result is not very strong and requires more d a ta  to confirm 
it. If it is verified, this dichotomy may be connected w ith interactions between 
the radio jet and the narrow-line region w ithin the VLA radio core of the SSC 
sources. We discuss this possibility further in chapter 7.
Com parison of our results with recent work by Rawlings (1987) and Baum 
et al. (1989a) confirms and extends the existence of the correlation between emis­
sion line lum inosity and to tal radio power for the Ha+[N II] and [OIII] AA4959,5007 
lines. Com parison of our results with the low power sample of Phillips et al. (1986) 
shows th a t the correlation (for the Ha+[NII] lines at least) “switches on” at the
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Fanaroff-Riley class I/class II transition. T hat is, the correlation does not appear 
to be present in class I sources which are often regarded as having subsonic jets 
(Bicknell 1985). This observation suggests th a t “com m unication” between the 
radio source and the narrow line emission region occurs via mechanical processes 
such as shock waves being driven through the interstellar m edium  from a su­
personic jet. We do not suggest th a t the narrow emission line regions in these 
sources are shock-ionised, but it is conceivable th a t cloud form ation is seeded by 
the passage of shocks through the hot interstellar medium.
We find th a t there is a weaker correlation between radio core power and emis­
sion line luminosity for all the emission lines discussed. The dichotomy between 
the FSC sources and the SSC sources is also found in these correlations. This 
suggests th a t the to tal radio power is more fundam entally related to the emission 
line region than  is the radio core power. We discuss this further in chapter 7.
For radio sources in our sample for which we have emission line ratios, we 
plot the ratios on the diagnostic diagrams presented by Baldwin, Phillips and 
Terlevich (1981). We find tha t the radio sources in our sample occupy the same 
regions in line ratio  space as Seyfert and liner galaxies. Moreover, we find a 
continuity between LlNER-type spectra and Seyfert-type spectra in our sample 
lending circum stantial support to a common (photoionisation) m echanism  for 
bo th  LlNER-type spectra and Seyfert-type spectra.
Finally, we examine the relationship of a num ber of line ratios w ith radio 
power. We find evidence for a trend  only in the ratio  of [OI]A6300to [OIII]A5007. 
The absence of any trend in [Oil] A A3727, 9 / [OIII] A5007 w ith radio power suggests 
th a t there is no strong relationship between the ionisation param eter and the to ta l 
radio power for the sources in our sample. We cannot discount the possibility 
th a t a relationship between emission line excitation and radio power exists over 
a much wider range in radio power or at higher radio powers th an  occurs in our 
sample ( c . f . Antonucci 1984).
The observed trend in the [01] A6300/ [OIII]5007 ratio  implies a trend  in the 
hardness of the ionising spectrum  with radio power in the sense th a t powerful 
radio sources exhibit a softer ionising spectrum  than  less powerful radio sources.
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Chapter 7:
Core-jet models
7.1: Introduction: model requirements
There are three prim ary phenomena which we have presented and discussed 
in previous chapters and which we require a model of the radio core to address:
1. At resolutions on the order of 1 to 10 kpc we find both  steep spectrum  radio 
cores (SSCs) and flat spectrum  cores (FSCs) in a single homogeneous sample 
of radio sources of interm ediate power.
2. There is a significant difference in the projected linear size d istribution  of 
FSC radio sources and SSC radio sources. In particu lar we find th a t the dis­
tribu tion  of projected linear size distribution for SSC sources is concentrated 
more toward smaller sizes than  the distribution for FSC sources. We also 
note a deficient num ber of FSC radio sources shorter than  ~  10 kpc.
3. There appears to be a difference between the FSC radio sources and the 
SSC radio sources in the relationship of their narrow emission line lum inos­
ity to the to tal radio luminosity. In all observed emission lines except for 
[SII] AA6717,31and [OIII]AA4959,5007, the SSC radio sources show a signifi­
cant correlation between to ta l radio luminosity and emission line luminosity. 
The FSC radio sources however, show no such correlation. This effect also 
appears in the weaker correlation between radio core power and emission line 
luminosity.
In chapter 4 we discussed our results in the light of the “unified m odel” 
( e . g . O rr and Browne 1982) which links radio core prominence w ith projected  
linear size in quasars via relativistic beaming effects and orientation of the radio 
source w ith respect to the line of sight. Based upon the the projected linear
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size of the radio sources as a function of their core spectral index, and upon the 
lack of any anti-correlation between core prominence and projected linear size, 
we conclude there is no evidence th a t the different size d istribution of FSC and 
SSC radio sources is not a result of relativistic beaming of FSC sources. This 
is not particularly  surprising since the sample is selected prim arily on radio lobe 
fluxes, which are isotropic, and so there should be very few sources in our sample 
oriented in such a way tha t beaming is im portant.
In this chapter we present a core-jet model designed to explain the three sets 
of above phenomena. Since the VLA radio cores are, by definition unresolved at 
arcsecond resolutions the only observables available to us from the core region 
are the radio core spectral index and radio power. The results of chapters 4 and 
6 indicated th a t the core spectral index is an im portant param eter linked with 
the projected size of the radio source as well as the relation between the radio 
source flux and the emission line flux of the host galaxy. For this reason we place 
much emphasise on the core spectral index as a useful observable param eter for 
the models presented in this chapter.
The spectrum  of synchrotron emission divides naturally  into two parts  either 
side of a single spectral peak ( e.g. Pacholczyck 1970). At frequencies lower than  
the frequency of the spectral peak, the spectral index is generally flat or inverted 
w ith a < 0 (S„ cx u~a ). While at frequencies greater than  the frequency of the 
spectral peak, the spectral index takes on an optically thin value which depends 
on the electron energy distribution and is generally observed to be a  ~  0.7. Hence 
the observation th a t a radio core has a flat spectral index or a steep spectral index 
at a particu lar observing frequency is largely an observation as to w hether the 
spectrum  peak lies at a frequency which is higher or lower than  the observing 
frequency. This concept is central to our discussion of radio core models and their 
relation to our data.
In section 7.2 we briefly discuss the effects of orientation and relativistic 
beam ing on the observed spectral index of the radio core. We do this in a m anner 
which is largely model independent. This discussion supports our conclusion 
from chapter 4 th a t orientation and beaming effects are not  im portan t for the 
radio sources in our sample. It appears th a t in the radio sources studied here, 
the prim ary determ inants of the core spectral index are the physical conditions 
w ithin the radio core itself.
In section 7.3 we present a simple model (hereafter model I) of the syn­
chrotron spectrum  of a parsec scale jet (referred to hereafter as a core-jet) ex­
panding freely and adiabatically into the interstellar medium. We examine the 
spectrum  of this core-jet as a function of the physical param eters inherent in the
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model. We also discuss assum ptions made about these physical param eters in 
order to relate them  to observable properties of the radio source itself.
After some consideration of the results of model I we find th a t it does not ad­
equately m atch the observations. In section 7.4 we present a simple modification 
of model I which goes some way to explaining the observable phenom ena listed 
above. This modification models steep spectrum  radio cores as being dom inated 
by optically th in  emission from an extended jet undergoing deceleration on scales 
of a few to hundreds of parsecs from the central engine.
7.2:Orientation and beaming models
A popular view of radio source cores (in particular quasar cores) m aintains 
th a t the relative prominence of the radio core with respect to the extended emis­
sion is due to relativistic beaming effects ( e.g. O rr and Brown 1982) A conse­
quence of the relativistic beaming model is th a t the frequency of the spectral 
peak is sensitive to the bulk lorentz factor (7) and the orientation of the jet to 
the line of sight. W hen Doppler boosting occurs in a jet lying directly along 
the line of sight, the frequency at which the radio spectrum  tu rns over from flat 
spectrum  to steep spectrum  is blue-shifted by a factor 714 for a perpendicular 
m agnetic field and q2-7 for a parallel magnetic field (Reynolds 1982). Here 7 is 
the relativistic boosting factor at the base of the jet which may be quite large. 
Hence it is a priori conceivable th a t a relationship between radio source length 
and radio core spectrum  is a reflection of relativistic beam ing and orientation. For 
example, consider a radio jet oriented away from our line of sight w ith a turnover 
frequency less than  the observing frequency so tha t the radio core appears steep. 
If this jet were oriented toward our line of sight i t ’s turnover frequency may be 
blue-shifted to frequencies above the observing frequency—-the radio core will 
then appear to have a flat spectrum  and the radio source will appear short due to 
orientation effects. This predicts the opposite effect of what we actually observe 
where the size d istribution of SSC sources is peaked toward smaller sizes than  
the distribution of FSC sources. It is true however th a t our sample was selected 
on the basis of large scale radio lobe flux which is essentially isotropic. Hence 
it is expected th a t few of the radio sources in the sample would exhibit strong 
relativistic beaming effects. It is clear th a t orientation cannot explain the size 
distributions of these radio sources and so we m ust consider models involving 
physical differences between FSC and SSC radio sources.
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7.3: The basic model (model I).
In the previous section we showed th a t orientation effects alone cannot re­
produce the projected linear size distributions for the FSC and SSC radio sources 
found in our sample. In this section we present a model of radio source core-jets 
in which the core spectral index is a function of physical param eters w ithin the 
jet as well as observational param eters (such as observing frequency and resolu­
tion). The basic form of model I is a supersonic, non-relativistic jet undergoing 
free expansion. We assume a relativistic equation of state  for the plasm a and 
invoke continuity to derive equations for the evolution of pressure and m agnetic 
field along the jet. We initially assume a constant bulk velocity w ithin the jet. 
This assum ption is later modified. We also assume th a t the m agnetic field is 
everywhere perpendicular to the bulk velocity and to the line of sight.
In our model, we adopt a cylindrical coordinate system in which z denotes 
the coordinate along the length of the jet. The model considers synchrotron 
emission from a jet of relativistic electrons with radius r(z), pressure, P(z)  and 
velocity v(z), all of which are functions of position along the jet, z. There is 
a m agnetic field, B(z)  embedded in the jet. At each point along the jet the 
m onochrom atic volume emissivity, e„, at a given frequency, u, depends upon the 
local electron pressure and magnetic field. The transverse optical depth  to syn­
chrotron self-absorption, r„, is also a function of the local pressure and m agnetic 
field. In developing the jet model we first write down (in section 7.3.2.1) ex­
pressions for the emissivity and absorption coefficient as a function of frequency, 
pressure and magnetic field. Section 7.3.2.2 presents equations for the evolution 
of pressure and magnetic field strength along a jet w ith a given velocity, v(z).  
Section 7.3.2.3 uses the results of the previous sections to derive an expression 
for the transverse optical depth as a function of z. Finally an analytic expres­
sion for the monochromatic core-jet luminosity is presented in section 7.3.2.4. In 
section 7.3.3 we present a scheme for expressing the relativistic electron pressure 
and m agnetic field in term s of the energy flux down the jet, the jet velocity and 
Mach num ber. Although this does not reduce the num ber of param eters involved 
in the model, these new param eters are more directly related to  observable prop­
erties of the radio source. Having derived the core-jet model, we discuss likely 
param eter values in section 7.3.4. Our initial aim is to show th a t the model can 
produce both  optically thin and optically thick radio cores for a reasonable range 
of param eters. This is discussed in sections 7.3.5 and 7.3.6.
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Central Engine
Figure 7.1: Schematic illustration of our core-jet model. Geometrical parame­
ters are: the distance from the core (20) at which the jet switches-on, the radius 
of the jet at it’s base (ro), the point at which the jet becomes optically thin 
( z ( t  =  1)). We assume that the jet lies at a large angle to the line of sight.
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7.3.1: The base of the jet.
Figure 7.1 presents a schematic picture of the jet and i t ’s subsequent evolu­
tion onto parsec and kiloparsec scales. Any details of the power source for the 
jet are beyond the scope of this work and we ignore them  here. We instead take 
up the story some way beyond the central engine where the jet is undergoing 
steady, isentropic flow. One possibility is th a t the jet is just leaving the vicinity 
of a de Laval nozzle. The jet initially has a Mach num ber on the order of unity 
and is accelerating under the action of conversion of adiabatic losses into bulk 
acceleration.
We can see how such an acceleration process occurs by considering Bernoulli’s 
equation for steady isentropic flow ( e.g. W illiams 1985):
I  Ad2 +  —— -  j c s 2 =  const anL
where A4 is the Mach num ber of the flow, T is the adiabatic index of the gas and cs 
is the local sound speed. For a relativistic gas with adiabatic index, T =  4 /3 , the 
sound speed depends on the density of the gas as cs2 oc n 1/ 3. As the jet expands 
the density falls resulting in a decreasing sound speed and corresponding increase 
in the jet Mach number. Thus, even though the initial Mach num ber of the flow 
may be of order unity, the Mach num ber at large distances dow nstream  may be 
large.
For one dimensional steady flow, the area-velocity relation is {e.g. W illiams
1985):
iAd4 = (M >A
where A  is the cross-sectional area of the jet at any point z along the  jet, and v 
is the bulk velocity. Thus for a supersonic jet, expansion of the flow results in 
bulk acceleration.
Bernoulli’s equation and the area-velocity relation can be solved to show 
th a t, for supersonic flow, there is a simultaneous bulk acceleration and increase in 
Mach num ber as the jet expands. The area-velocity relation shows however, th a t 
as the Mach num ber of the flow increases, the acceleration decreases for conical 
expansion of the jet. Hence the jet evolves to a state  of high Mach num ber and 
essentially constant bulk velocity {e.g. Landau and Lifshitz 1959). We assume 
th a t the acceleration region is so small as to be negligible and th a t synchrotron 
emission from the jet “turns on” at some distance Zq from the central engine 
where the velocity of the flow has reached a constant value.
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7.3.2: Core-jet luminosity and spectrum.
In the following model we adopt a formalism similar to th a t of Reynolds 
(1982) but w ith significant differences in the jet dynamics. Reynolds (1982) as­
sumes a jet w ith relativistic bulk flow which is continuously accelerated as a result 
of the conversion of internal energy into bulk kinetic energy via adiabatic expan­
sion losses. We instead consider a jet in which the synchrotron em itting plasm a 
is ultra-relativ istic  but the bulk flow is non-relativistic. A lthough we initially 
assum e the jet velocity to be constant, we do include a general param eterisation 
which allows us to specify an arb itrary  evolution of the bulk velocity along the 
jet. This approach does not make for a fully self-consistent model for the flow, 
bu t it does allow us to consider the effect of external forces on the flow. We 
find la ter in this chapter th a t such a feature is crucial for the effectiveness of our 
model.
We neglect relativistic and orientation effects since we have already shown 
th a t they do not play the dom inant role in explaining the phenom ena we are 
a ttem pting  to model.
7.3.2.1: Synchrotron emission and absorption.
In this subsection we present expressions for the m onochrom atic volume 
em issivity and synchrotron self-absorption coefficient as a function of the local 
relativistic electron pressure and magnetic field.
The m onochrom atic volume emissivity e„ of synchrotron rad iation  from  a 
p lasm a comprising relativistic electrons with a power-law energy distribution:
where c\ and cs(a) are two of Pacholczyck’s constants.
Using equation (7.2) we may relate No to the to ta l electron energy density 
and hence the pressure in the relativistic electron gas, P :
N(E)dE = N0E ~ adE (7.2).
is (from Pacholczyck 1970):
1  — a
(7.3).
N 0 = 3(a  -  2)(7minm ec2)“ 2P
= tP-
(7.4)
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We have assumed th a t a >  2 and integrate from the minim um  electron energy in 
the d istribution  (E mm =  7minm ec2) 1° infinity. Hence equation (7.3) becomes:
1  — a
£» =  c5(a)£P(B s in0 ) ^  ( ^ )  ’ (7.5).
Assuming a value 7mjn =  10 yields £ =  0.011 in c.g.s. units. Note th a t the value 
of £ is not very sensitive to the assumed value of 7min since a ~  2.4 in equation 
(7.6).
From Pacholczyck (1970) we also obtain the absorption coefficient for syn­
chrotron self-absorption:
kv =  c6(a ) (P (B  s in ö )^ -  ( ^ t )  * (7-7)
where cq(o) is again one of Pacholczyck’s constants.
7.3.2.2: MHD equations.
In the previous subsection we related the synchrotron emission and self­
absorption to  the local magnetic field and pressure w ithin the jet. In this section 
we present equations for the transport of pressure and m agnetic field along the 
jet which leads to expressions for the synchrotron emissivity and optical depth  at 
all points along the jet. Figure 7.1 presents a diagram  of the jet illustrating  the 
definition of the geometrical param eters as well as the two zones (optically thick 
and optically thin) of the jet.
To param eterise the evolution of plasm a along the jet we introduce three 
equations relating to the physics of the synchrotron em itting plasm a. From the 
adiabatic equation of state  we have:
P (x n T (7.7)
where n is the num ber density of relativistic electrons and T =  |  is the adiabatic 
index for a relativistic gas ( e.g. Landau and Lifshitz 1959). Combining this rela­
tion w ith the equation for continuity in a one-dimensional flow (n v r 2 =  constant) 
yields the  following relation for the evolution of relativistic electron pressure along 
the jet:
_4 _8
P  = (7.8)
where v is the bulk velocity of the jet and r is i t ’s radius at any point z along the 
length of the jet (see figure 7.1). All variables with subscript “0” refer to fiducial 
values of these variables at the base of the jet where the synchrotron emission
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is assum ed to “switch on.” The base of the jet occurs at a distance zq from the 
central engine.
The evolution of the magnetic field along the jet follows from field line con­
servation through surfaces parallel and perpendicular to the flow direction ( e.g. 
Bicknell 1986):
B\\ oc r~ 2
for a m agnetic field parallel to the jet flow and
„  1
B ±  oc — 
vr
for a m agnetic field perpendicular to the jet flow.
We next assume th a t the radius of the jet expands as a power, e, of the 
distance along the jet: r  oc z e. In all our models we assume a conically expanding 
jet (e =  1). This assum ption is discussed in section 7.3.3.
Although we have already stated  th a t we assume the bulk velocity to  be 
constant in model I it is useful to retain some generality so we param eterise any 
bulk acceleration of the jet via a power-law dependence of u on 2 : v oc r .  We 
note th a t in general e and £ are not independent since the cross-sectional area of 
the jet is linked to jet acceleration via the continuity equation.
Combining these relations we obtain the transport laws for the electron pres­
sure:
P  =  Po ( £ )  P (7.9a)
where qp = |(2 e  -f £), and the magnetic field strength:
B (7.9 b)
where qp — 2e for a parallel magnetic field, and qB = (e + ( )  for a perpendicular 
m agnetic field.
7.3.2.3: Optical depth.
We now use the results of the previous sections to derive the optical dep th  
across the jet (i.e. the transverse optical depth) as a function of distance, z, 
down the jet. We assume a large angle to the line of sight and assume th a t 
the plasm a param eters do not vary across the w idth of the jet so th a t each 
differential element of the jet may be regarded as a uniform slab of synchrotron
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em itting  plasma. Reynolds (1982) m aintains tha t this assum ption is in excellent 
agreem ent w ith numerical models.
For a jet with uniform cross-section the optical depth is:
/  2
r„ =  2 r/c„ = 2 —
V^ o
Substitu tion  of the expression for the absorption coefficient yields:
( a + 4 ) /  \  —q T
T = c6(a)(P0r0( B 0 s in 6)~*r ) (7.10)
where
(a +  2)
qT =  qp +  — ~— Qb ~  e
describes the evolution of optical depth along the jet.
We set t v =  1 in equation (7.8) to yield the position along the jet where the 
optical depth becomes unity at frequency u:
f 2 /  \  ~  j  <>T
z ( t v =  1) =  z0 l c6{a)(P0r0{B0 s in 0 ) ^ ~  ( ^ - )  2 > (7.9).
The peak in the synchrotron spectrum  occurs approxim ately at the frequency 
where the base of the jet has an optical depth of unity (Reynolds 1982, Königl 
1981). T hat is, the point along the jet at which the transverse optical depth  is 
unity, z (tv =  1) corresponds to the base of the jet, zq. Hence setting z ( r l/ = 1) 
equal to zq in equation (7.9) yields a good approxim ation to the frequency of the 
spectral peak:
2
Um ~  2ci^ce(a)(P0ro(Bo s i n 0 ) ^ j  (a+4) (7.10).
We find th a t in general this expression for um typically overestim ates the peak 
frequency by a factor of 1.8 to 2.
7.3.2.4: Core-jet luminosity.
We now calculate the synchrotron luminosity from the jet. Useful analytic 
expressions can be obtained if we make the simplifying assum ption th a t the op­
tical depth  across the jet is either very large or very small. T ha t is, we assume:
r  >  1 for z < z (tv — 1);
r < l  for z >  z{tv =  1).
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This is a valid assum ption since the optical depth varies rapidly along the jet. 
Indeed, given our assum ptions th a t e — 1 and £ = 0, then for a perpendicular 
m agnetic field qT = —3.9 and for a parallel magnetic field qT = —6.1. The 
consequence of this assum ption is tha t we evaluate the lum inosity from the jet 
in two parts. We first consider the emission from the optically th in  p a rt of the 
jet (z >  z(tv =  1)) and then add the emission from the optically thick part of 
the jet (z < z ( rv =  1)). We see in later sections th a t the spectrum  of the radio 
core is then prim arily dependent on the relative contributions from the optically 
thick and optically th in  parts  of the jet at different frequencies.
For the jet downstream  of z{rv =  1) we obtain the optically th in, m onochro­
m atic luminosity, 5j,hin by integrating the m onochrom atic volume emissivity, eu, 
over the volume of the jet between z { tv =  1) and an a rb itrary  upper lim it zmSLX:
Qthin
—
Cthin
1( 17 V
<?thin v2ci /
where
Cth in
^0
and
\ f  z ( tu =  1 ) ( / t h in  /  \  ( / t h in^max (7.11)
So =  i v 2c5(a)(tP0r„z0{B0sin#) 2
(a +  2)
tfthin =  q p  H------ -----q B  — 2e — 1.
To calculate the luminosity of the optically thick part of the jet we consider 
th a t for a uniform radiating slab with no incident flux and optical depth  r„, the 
surface brightness is:
Iv — — (1 — e~Tv)
K v
Cj/__ for r„ >  1.
Integrating over the projected surface area of the jet and assum ing isotropic 
radiation yields the optically thick luminosity:
5 thick ~  Z:ics(a ) roz°(B ° s:ine) v  v = i ) y ihick
ce(a)^thick '  /  l  y  .-0 J
(7.12)
where
1 j .  n - 1
<?thick — e  +  ~ Z ~  +  1*
We calculate the optically thick spectral index by considering a suitably low 
frequency where the emission from the jet is dom inated by the optically thick 
region: z(tu = 1) zq. In this case
S*hlck oc z ( tu =  l ) 9thick =  / / ~ athick.
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Noting th a t z (ru =  1) oc v 2<?r we obtain
(-5 (a +  % thickl
a t h k k  =  “ \ 2 ---------------------------2^ ------------------1 '  ( 7 ' 1 3 )
In general the surface brightness of the optically thick part of the jet increases 
along the jet so gthick >  1- Conversely the transverse optical depth  decreases 
along the jet with qT > 0. Hence the spectral index at frequencies where the 
optically thick jet dominates the core emission is in general greater th an  the 
spectral index a  =  —2.5 for an homogeneous, optically thick plasm oid.
7.3.3:Parameter rationalisation: 
je t power and equipartition.
Two im portant param eters of our core-jet model are the relativistic electron 
pressure, Po and magnetic field, B o at the base of the jet. One problem  w ith these 
param eters are th a t they are not directly observable. Even if VLBI experim ents 
can obtain  estim ates of these param eters for nearby radio sources (e.g. Jones 
et al. 1986) they are of little help in applying the model to the d a ta  available 
from our study. We must instead relate Po and B o to observable characteristics 
of the radio source. A m ajor param eter involved with the large scale behaviour 
of the radio source is the energy flux down the jet, or jet power. We introduce 
this into our core-jet model via the expression for the energy flux at the base of 
the jet (Bicknell 1985):
Pjet =  4?rro P qA 4 q 1 + \ m6
2
0 +
r B 2 n ±o
. Sn
(7.14)
Pjet is the jet power which we assume is conserved along the flow. Ado is the 
initial Mach num ber, Po is the relativistic electron pressure at the base of the jet 
and B 2±0 is the perpendicular component of the magnetic field at the  base of the 
jet. The radius of the jet at i t ’s base is r 0. The second term  in the braces in 
equation (7.14) represents the Poynting flux.
Possibly the least well-known param eter in this model is the streng th  of the 
m agnetic field at the base of the jet. Although it may not be applicable in this 
part of the radio source we appeal to standard  minim um  energy argum ents to 
relate the magnetic field strength to the relativistic electron pressure. Kellerm an 
and Pauliny-Toth (1981) state th a t “typical” magnetic energies are up to  10 
orders of m agnitude less than  the energy in relativistic electrons in com pact radio 
sources. These estim ates are however, very sensitive to resolution, orientation 
and knowledge of the frequency of the spectrum  peak. A more recent result 
from VLBI observations of NGC 6251 by Jones et al. (1986) indicate the ra tio  of
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m agnetic energy density to electron energy density to be >  4 x 10-2 in the core 
and  >  3 x 10-6 in the parsec scale jet. Although these num bers do not discount 
equipartition  they are not very stringent limits. We do note th a t because of the 
shallowness of the energy minimum, even when P  B\min/i/87r, a m agnetic field
equal to the m inim um  energy magnetic field is still a reasonable approxim ation.
From  chapter 3 we have the minimum energy m agnetic field:
87T
(7.15).
S ubstitu ting  th is expression into equation (7.14) and assum ing a perpendicular 
m agnetic field yields:
Ljet =  4tt r 2P 0^0 i  +  \ m
0
2
0 (7.14a)
This expression is used in all our models to evaluate the relativistic electron 
pressure in term s of the jet power, velocity and Mach num ber.
7.3.4: Estimated parameter values.
There are a large num ber of param eters involved in our model. Most of 
these, however, are reasonably constrained by observations. In this section we 
list the  relevant param eters and dicuss likely values.
The param eters which m ust be specified for the model are the initial jet 
velocity (u0) and Mach num ber (Ado), the jet power (L j e t ), the initial jet w idth 
( r0) and the distance from the central engine (z0) at which the jet “tu rns on,” 
and the index e relating to the expansion of the jet.
J e t v e lo c ity : Jet velocities can often be inferred from observations w ith some 
m odel dependence. Estim ates for low power radio sources come from recent ap­
plication of the turbulent low Mach num ber model of Bicknell (1986) to a  sample 
of class I radio sources from the Bologna survey (Bicknell et al. 1989). These 
sources typically have jet velocities on the order of a few thousand to around 10 
thousand  kilom eters per second. Studies of spectral index aging (such as those 
presented in chapter 4) give velocity estim ates between 10 and 30 thousand kilo­
m etres per second for backflows in class II radio sources (Myers and Spangler 
1985, A lexander and Leahy 1987, chapter 4) These backflow velocities represent 
the  speed of the aging plasm a in the radio lobe with respect to the hotspot and 
thus provide an upper limit on the speed of the advance of the radio lobe into 
the  intergalactic medium. The strength  of the backflow with respect to  the fixed 
fram e of the intergalactic medium  depends on the density ratio  between the jet
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and the external medium and the Mach num ber of the jet in the sense th a t low 
density, high Mach num ber jets produce appreciable backflow (W illiams 1985). 
It is reasonable to assume th a t the backflow velocity estim ates are of the order of 
the speed of advance of the hotspot into the intergalactic m edium . This hotspot 
advance speed is related to the jet speed via ram  pressure balance:
Vjet ~  rj^Vhead ,
where 77 =  Pi g m /P jet is the ratio  of the density of the external m edium  to the 
jet density. Low density jets thus imply a jet speed which is greater than  the 
backflow speeds derived from spectral aging in class II lobes. If the density ratio 
is 7] = 0.01, then we expect jet speeds on the order of 105 km s- 1 .
M ach num ber: Much of our knowledge of the Mach num bers of jets come 
from the application of specific models to radio sources. Bicknell (1985) suggests 
th a t the jets in class I radio sources are transonic while those in class II radio 
sources are supersonic. This is suggested by the relative spreading rates of the 
jets in the two classes of radio source (Bicknell 1985). Bicknell et al. (1989) 
find Mach num bers generally in the range 1 to 3 for a sample of class I radio 
sources. Some of the more powerful radio sources in this study may have Mach 
num bers as high as 10. The Mach numbers in class II sources are not well known. 
Based upon the width of the radio lobes in Cygnus A, W illiams (1985) estim ates 
the Mach num ber of the Cygnus A jet to be ~  8. We note a caveat erwptor in 
th a t these estim ates for jet Mach numbers have been derived from observations 
of the large scale structure of the radio source and therefore do not necessarily 
reflect the conditions in the core. The Mach num bers of large scale jets may 
have decreased significantly from their Mach num bers in the core. Jones et al. 
(1986) find th a t the VLBI jet in NGC 6251 to be unconfined by the  surrounding 
m edium  indicating tha t the jet is expanding freely w ith an opening angle related 
to i t ’s initial Mach number (see the discussion below on jet w idth and expansion). 
The only measured opening angle of a VLBI jet, however, is th a t of M 87 (Reid 
et al. 1989) which has an opening angle of ~  7 degrees suggesting an initial Mach 
num ber of about 8 if this jet is undergoing free expansion on parsec scales. Thus 
initial Mach numbers of 10 or more may be appropriate  for the sources in our 
sample. In our models we examine a range of jet initial Mach num bers between 
5 and 20.
J et power: Recent evidence shows th a t the jet power is fairly closely related 
to  the to ta l radio luminosity of the radio source. Rawlings (1987) finds th a t the 
jet power is linearly related to radio lobe luminosity over two orders of m agnitude 
in a sample of class II radio sources. The constant of proportionality  depends 
on the environment of the radio source w ith the bolom etric radio lum inosity
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accounting for approxim ately 1% to 10% of the jet power. Sources in higher 
density environm ents have a higher ratio  of radio lum inosity to jet power. In 
chapter 4 we presented a detailed exam ination of the energy budgets of several 
class II radio sources in our sample. We find agreement w ith the results of 
Rawlings (1987) in th a t the radio luminosity from these sources accounts for a 
few percent of the power in the radio jet. Moreover, the fact th a t our sources 
are of lower power than  the sources in Rawlings (1987) sample suggests th a t this 
ra tio  of radio luminoisty to jet power is independent of radio luminosity. The 
ra tio  appears, however to be quite strongly dependent on the m orphological class 
of the radio source.
Estim ates of jet power in class I radio sources come from the study of Bicknell 
et al. (1989). The ratio  of radio lobe luminosity to inferred jet power in their 
sam ple of class I sources is typically in the range of 10% to  80%. Since the 
Rawlings sample consists of predom inantly powerful class II radio sources while 
the Bicknell et al. sample consists of predom inantly class I sources, there may 
be a morphological dependence of the ratio  of radio lum inosity to  jet power. In 
any case, it appears th a t the radio luminosity is always lower than  the jet power 
suggesting th a t we use the to tal radio luminosity of the source as a lower bound 
on the possible jet power. The work of Rawlings (1987) suggests a likely upper 
bound on the jet power to be between 10 and 100 times the to ta l radio luminosity. 
Hence, given th a t the radio luminosities in our sample approxim ately span the 
range 1040-5 to 1042'5 ergs-1 we shall adopt a range of 1040-5 to 1044'5 ergs-1 as 
a likely region of param eter space for the jet powers.
J e t base: The point where the jet “turns on” is another unknown param eter 
in our model. VLBI observations show core-jet s tructure  on parsec scales in all 
observed radio sources giving a somewhat loose upper lim it for zq. Possibly the 
best upper lim it for the onset of a jet comes from the VLBI observations of M 87 
by Reid et al. (1989). They find th a t on scales of approxim ately one parsec, 
the opening angle of the jet is approxim ately 7 degrees. This indicates th a t the 
jet is already well collimated w ithin one resolution element (<  0.5 pc) of the 
central engine. A possible lower limit for zq is the Schwarzschild radius of the 
hypothetical black-hole which powers the central engine. For a 109 M q  black 
hole the Schwarzschild radius is 10-4 parsecs. Our model I does not impose 
very stringent limits on the allowed values for distance from the central engine 
at which the jet turns on. We may obtain a self-consistent estim ate of zq by 
noting th a t there are an approxim ately equal num ber of flat spectrum  cores and 
steep spectrum  cores in our sample. This implies th a t the m edian spectral peak 
frequency for the sources in our sample is on the order of our observing frequency. 
To see how the spectral peak depends on the physical param eters of the model
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we rew rite equation (7.10) in term s of the jet power using the m inim um  energy 
m agnetic field strength:
V m ~  20 GHz
/  z o \  1 /  Tijet \ ° - 6 6 / i^o{ A ^ p [ l  +  A f p / 6 ]  +  
V0.1 p c /  V1042 ergs- 1 / V 105 km s-1
- 0.66
(7.16)
In this equation we have assumed a conically opening jet (e =  1) w ith an opening 
angle, </>, of 6 degrees (ro =  £o tan6°) and constant velocity (£ = 0). If the jet 
expands freely at i t ’s sound speed, then an opening angle of 6 degrees corresponds 
to a jet w ith Mach num ber 10. For a Mach num ber of 10 and a jet power 
of 1043 ergs-1 , we obtain a peak spectrum  frequency of a few GHz for zq ~  
0.1 parsecs. For the moment we adopt zo =  0.1 parsecs since this value yields 
a spectral peak in the region of our observing frequency for typical param eter 
values. This assumed value for z0 does not affect our conclusions about the 
following model (I).
J et w id th  and expansion: A supersonic, freely expanding jet of Mach 
num ber M. undergoes conical expansion w ith the transverse velocity approxi­
m ately equal to the sound speed at the base of the jet. Thus the opening angle, 
(f) is given by tan  <f> ~  1 /A4. A turbulent jet also undergoes conical expansion 
(Landau and Lifshitz 1959, p l49), thus there is some justification for assum ing in 
all our models th a t the jet is undergoing conical expansion (e =  1). The jet w idth 
enters the equations via the radius of the jet at its base, ro . We tie this num ber to 
the position of the jet base, Z q and the initial Mach num ber, Ai o via the relation: 
r0/ z 0 =  This relation comes from the above expression for the opening
angle in a supersonic jet. We find th a t our models are not very sensitive to the 
opening angle of the jet.
In the next section we present the results of core-jet models using param eter 
values consistent with the discussion presented above.
7.3.5: Model results and discussion.
In figure 7.2 we present a series of synchrotron spectra for the model de­
scribed in the previous section. Relevant param eters are listed on each panel. 
These models refer to a conically expanding jet (e =  1) w ith constant velocity 
along the jet (£ =  0) of 100 thousand kilometres per second. The base of the 
jet (z0) lies at a distance of 0.1 parsecs from the central engine. Each of the 
four panels refers to a particular Mach num ber for the jet. Panel (i) corresponds 
to Mach num ber 1, panel (ii) corresponds to Mach 5 while panels (iii) and (iv) 
correspond to Mach num bers of 10 and 20 respectively. There are five spectra  
w ithin each panel corresponding to core-jet models w ith jet powers in the range 
1040 ergs-1 to 1044 ergs-1 . These powers are labelled against the appropria te
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F igu re  7.2 : Spectra from the core-jet model I. We have assumed a freely ex­
panding, constant velocity jet, switching on at a distance 0.1 parsecs from the 
central engine. See text for more details.
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Figure 7.3: Model spectra from the basic core-jet model. The conditions are 
identical to the models in figure 7.2 except we truncate the jet at 10 parsecs. This 
simulates observation of an active core with typical VLBI resolution.
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curve. This model has been truncated at a maximum distance ( z m a x )  of 1 kpc. 
For these model param eters however, the contribution to the lum inosity from 
beyond this point is negligible and the spectra p lotted over this range do not 
significantly differ from spectra of an undisturbed jet of infinite length.
The qualitative features of these models can readily be understood by con­
sidering th a t most of the synchrotron emission arises from the region where the 
optical depth  across the jet is unity: z =  z(r„ =  1). From the base of the jet to 
z{ru =  1) the optically thick surface brightness increases as:
j t h i c k  ^  _ g t h i c k - i  _  f  z ( ^  , for perpendicular B field; 
v 1 z2e, for parallel B field.
Beyond z (tv = 1) the optically thin surface brightness falls off ra ther rapidly as
rthin g t h i n - 1  _  f  z ~ ( 2 -4 e + 3 -0<^ , for perpendicular B field; 
v \  2r“ (4'lc+1*3^ J for parallel B field.
Note th a t acceleration of the jet (£ > 0) tends to “shorten” the emission region 
while deceleration (£ <  0) “stretches” it out.
We readily see from equation (7.9) th a t the position of z ( rv — 1) is frequency 
dependent— decreasing with increasing observing frequency:
f 2 /  \  ~ 'j 9t
z{tv =  1) =  z0< c6(a)£P0r0(Bo s i n O ) ^  2 > (7.9).
A nother way to view this concept is th a t the length of the jet over which the 
transverse optical depth is greater than  unity decreases w ith increasing frequency. 
Hence, if we scan upwards in frequency, although the surface brightness of the 
optically thick portion of the jet increases as z/2-5, the length of the optically 
thick portion decreases, causing the overall spectrum  to have a spectral index 
less than  2.5. We eventually reach a frequency where z (tv = 1) =  Zq and the 
entire jet becomes optically th in  with a surface brightness decreasing w ith fre­
quency as v ~ 2~ = is~0'7, hence the assertion th a t the core-jet spectral peak occurs 
approxim ately at the frequency where z (ru = 1) =  z0 (e.g. Reynolds 1982).
We may understand the dependence of vm on jet lum inosity by considering 
th a t for a jet w ith given Mach num ber and velocity, a larger energy flux requires 
a larger electron pressure and hence a larger optical depth  across the jet at any 
given point. As a result of the larger optical depth in higher powered jets, the jet 
becomes optically th in  further along the jet and hence the spectral peak occurs at 
higher frequencies. The to tal luminosity of the jet is also increased by the higher 
electron pressure in the powerful jets. For jets with higher velocities or Mach
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num bers, a given jet luminosity is accomplished with a lower electron pressure 
resulting in lower synchrotron luminosities and lower values of vm.
We have also modelled the effects of truncating the emission at a given 
distance zmax. This is equivalent to observing the core-jet w ith resolution on 
the order of zmax. The effect on the spectrum  is unrem arkable (see figure 7.3) 
except a t low frequencies where the jet has grown long enough th a t z ( t v =  1) > 
zmax and the effects of changing jet length w ith changing frequency are nullified. 
The optically thick part of the spectrum  is now essentially resolved and the jet 
lum inosity falls off with a spectral index a = —2.5.
7.3.6: Application of the model to the sample.
Now we come to an appraisal of the model in term s of our data. It may 
be seen a priori th a t this model goes some way to explaining the fact th a t FSC 
sources tend  to be larger than  SSC sources. It is shown explicitly in equation 
(7.16) th a t the position of the spectrum  peak depends upon the point where the 
jet “tu rns on” , the jet power and the velocity and Mach num ber of the jet. In 
particu lar, a high jet power implies a high frequency for the spectrum  peak and 
hence a likelihood th a t the observed radio core appears optically thick. It seems 
reasonable to assume th a t the size of the radio source is dependent to  some extent 
on the jet power. The higher the energy flux down the jet, the faster the radio 
source grows, or the more chance the jet has of escaping the dense inner regions 
of the host galaxy. Hence, we see tha t a high jet power may imply a large radio 
source and a flat spectrum  core. Conversely, a low jet power may imply a small 
radio source and optically thin radio core.
In our sample we observe an approxim ately equal num ber of FSC and SSC 
sources implying th a t the median frequency of the spectrum  peak for the cores 
in our sample lies close to our observing frequency. Yet herein lies an objection 
to any core-jet model of this sort. It seems unlikely th a t the physical param e­
ters w ithin our sample of radio cores should conspire so th a t the m edian peak 
frequency is approxim ately equal to our ra ther arbitrarily  chosen observing fre­
quency.
But there are other objections to this model. We noted in chapter 3 th a t 
long-baseline interferom etry using the Parkes-Tidbinbilla interferom eter (P T I) 
indicate th a t the steep spectrum  cores in our sample em it a significant fraction of 
their core flux on scales of between 100 pc (the typical P T I resolution) and 1 kpc 
(the typical VLA core size). Conversely the flat spectrum  cores are unresolved 
w ith bo th  instrum ents and hence are smaller than  the steep spectrum  cores. 
In the present model we identify steep spectrum  cores w ith optically th in  jets 
where z ( t u =  1) < zq and flat spectrum  cores correspond to opaque jets where
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z{tu =  1) >  zq. Given th a t the surface brightness of the jet falls off rapidly for 
z > z(tu = 1 ) ,  the steep spectrum  cores are predicted to appear smaller  than  the 
flat spectrum  cores—the converse of what is observed. Furtherm ore, the model 
predicts only a negligible flux contribution from kiloparsec scales.
We have obtained PT I spectral indices (between 2.3 GHz and 8.4 GHz) for 
only half a dozen of the sources in our sample, bu t in all these cases the PT I 
spectral index is significantly flatter than  the VLA core spectral index indicating 
once again a significant optically thin flux on kiloparsec scales. This disagrees 
w ith the core-jet model which does not predict a significant change in the spectral 
index between the two baselines.
Finally we refer to a recent study of core spectral indices in a sample of 
elliptical galaxies studied by Slee et al. (1989). This sample of galaxies is a 
subsam ple of the early-type galaxies studied by Phillips et al. (1986) and Sadler, 
Jenkins and Kotanyi (1989). Galaxies in this sample which are detected at radio 
frequencies exhibit radio powers approxim ately two orders of m agnitude lower 
than  those in our sample (see figure 6.11). Long baseline observations using PT I 
at 2.3 GHz and 8.4 GHz show th a t these radio sources have flat spectral indices 
at resolutions on the order of 10 pc (Sadler, private comm unication). The present 
model predicts th a t these low power sources should exhibit optically th in  cores 
at GHz frequencies (see figure 7.2).
It is clear then th a t the basic core-jet model presented here does not m atch 
the observations of the radio cores in this and other samples. We have persisted in 
discussing this model however, because it appears th a t a fruitful way to  proceed 
is to re ta in  the present model as the underlying flat-spectrum  core in our radio 
sources and “adorn” it with some mechanism for enhancing the optically thin 
emission on kiloparsec scales. In the following section we consider the implications 
of interaction between the kiloparsec scale jet and the in terstellar medium.
7.4: Decelerating jet model.
We have presented a core-jet model yielding predictions for the observed core 
spectral index based upon w hether the frequency of the spectrum  peak occurs 
above or below a particular observing frequency. We related the peak frequency 
to jet param eters such as the jet power, velocity and Mach num ber which can, 
in principle, be related to large scale properties of the radio source. This model 
does not, however, adequately reproduce the observed kiloparsec scale, optically 
th in  emission. It also makes the wrong prediction about the spectral index in the 
cores of low luminosity radio cores.
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To overcome these objections to the core-jet model we m ust modify the 
original model so th a t it agrees with the observation of significant am ounts of 
optically thin emission on kpc scales. We have already noted in section 7.3.4 
th a t deceleration (£ <  0) has the effect of enhancing the flux from the jet by 
decreasing the absolute rate  at which the surface brightness changes.
We thus envisage a situation where radio sources w ith steep spectrum  VLA 
cores have a region of deceleration in the optically th in  jet. Figure 7.4 presents 
a diagram  of the decelerating jet model w ith a flaring, decelerating jet appended 
to  the partially  opaque jet of model I. The resulting spectrum  of such a jet is 
the superposition of the partially opaque jet spectrum  of model I (see figure 7.2) 
plus an optically th in  spectrum  from the decelerating part of the jet. If the 
decelerating jet has a high enough luminosity then the extended optically thin 
emission dom inates the core radio flux producing an overall steep spectral index. 
This superposition is illustrated in figure 7.5.
Sources w ith flat spectrum  VLA cores conversely have no decelerating region 
and the core radio flux is dom inated by optically thick emission from length 
scales very much smaller than  the kpc scale. In this m anner we elim inate the 
need for a conspiracy in our sample to provide spectra w ith peaks close to our 
observing frequency. In essence we have a single population of radio cores, all of 
which possess optically thick cores. Some of these cores, however are dom inated 
by steep spectrum  emission which originates from decelerated regions beyond 
the simple core-jet, bu t which rem ain unresolved w ith VLA resolution. This 
m echanism  agrees with the results from our P T I observations suggesting th a t 
the steep spectrum  cores are larger than  the flat spectrum  cores. It is also more 
consistent w ith the bim odality in the distribution of core spectral indices in our 
sample.
We also emphasise th a t by allowing all radio cores to be intrinsically optically 
thick in the absence of deceleration, our model is no longer in conflict w ith the 
observation of flat spectrum  cores in elliptical galaxies w ith low lum inosity cores 
(Sadler 1989).
Jet deceleration resulting in steep spectrum  cores also provides a na tu ra l 
explanation for the observation tha t SSC radio sources tend to  be shorter than  
FSC radio sources. The FSC radio sources do not undergo significant deceleration 
in comparison w ith the SSC radio sources and so the FSC sources are able to 
grow faster or further in their lifetimes. We cannot however, explain w ith this 
model the deficiency of short FSC radio sources. This may not be a problem  since 
there is still considerable uncertainty as to the true shape of the radio source size
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Figure 7.4: Schematic diagram of the decelerating jet model comprising the 
old (model I) partially opaque jet plus an extended (flaring) decelerating jet. 
Usually the decelerating jet is optically thin. At low enough frequencies, however 
the decelerating jet may become optically thick.
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F igu re  7.5: Diagram illustrating the superposition of a partially  opaque core-jet 
spectrum  ( e.g. see figure 7.2 from model I) and an optically th in  spectrum  from 
an extended decelerating jet (on scales of tens of parsecs) to produce a spectrum  
which is optically th in  overall.
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distribution. This is particularly true in the light of our present conjecture which 
a ttrib u tes  a significant role to environmental effects on radio source growth.
In the next section we present the modification to the core-jet model in­
volving the “grafting” of a decelerating jet onto a truncated  version of the jet 
discussed in term s of our model I above. Hereafter we refer to the decelerating 
je t as the “outer je t” and the inner, constant velocity jet as the “inner je t.” In 
sections 7.4.3 and 7.4.4 we proceed to discuss the results of our models and how 
they fit the observed properties of the radio cores in our sample. For the moment 
we do not discuss the physical cause for the onset of deceleration in the extended 
jet. We envisage some form of interaction between the narrow line region and 
extended jet as the cause of the deceleration. This is discussed in section 7.4.5
7.4.1: Core-jet luminosity modifications.
Modification of the equations for the core-jet lum inosity to include the de­
celeration region is straightforward. We calculate the contribution from the inner 
jet (w ith constant velocity) out to a distance Z \ . This is simply the contribution 
from  the jet in model I truncated  at z\ instead of 2 max. Beyond the point of onset 
of deceleration, z \ , we add the contribution from a jet w ith a negative value for 
£ between z\ and zmax. We note th a t for the la tte r contribution the appropriate 
norm alisation for z is z\ ra ther than  zq since we are evolving the jet flow from 
the  param eter values at the end of the inner jet. We also allow for a change in 
the  opening angle of the jet (i.e. flaring of the jet) in the deceleration region.
In modifying equations (7.11) and (7.12) to include the region of deceleration 
we m ust consider two seperate cases; the case where the deceleration region lies 
wholly beyond the optically thick part of the jet (z i >  z ( rv = 1)), and the case 
where the jet is still optically thick when deceleration sets in. The former case is 
m ost relevant since we are interested in enhancing the optically th in  contribution 
to  the radio core emission. We now illustrate the modified equations for this case. 
We stress however, th a t in the model results presented below we have considered 
b o th  cases in a consistent m anner.
For the case when deceleration sets-in after the jet as become optically th in  
the  contribution from the optically thick part of the jet rem ains the same as in 
the  basic model (tha t is, equation 7.12):
5 fhick = 8tt
c5(a) r0zo(Bo sin 0) 2
^ ( / O  (/thick
where
<7thick — e +  ~7p +  1-
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The optically th in  contribution from the region between z ( t u =  1) and z \  is (from 
equation 7.11):
5 th in  _  S g " a f  v  \  ^ I  { Z( T* =  ! )  
<?thin ^ 2 c i  /  1 \  Zq
where
and
9 t h i n  /  \  9 t h i n
£ l
Zo
a±l
(7.18)
S jhm =  47T2c5(a)^P0r l z 0( B 0 s in 0)~* 
( a  -T 2)
5 thin — <lP + ■qB -  2e -  1.
The optically th in  contribution from the decelerated region beyond z\ is:
Cth in  /  y  \  — — ( \
5 deC =  _ o _ /  ) l x 2f ( q dec) + 2xy f ( q iec -  l )  + y2f ( q dec — 2) V, (7.19)
^ t h i n  '  /  t  J
where
The factors
and
/(«) =
"max
Zl
q
-  1
tan  (f)e 
tan  <f)
are corrections which take into account flaring of the decelerating jet. The open­
ing angle of the inner jet is </>, whilethe opening angle of the outer, decelerating 
jet is (j)e. The decelerating jet param eter
<?dec — QP T
( a  T 2) 
----Ö---- — 2e — 1
is evaluated using (  = ( e < 0.
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7.4.2: Discussion of param eter values.
The modification to model I introduces three new param eters: the distance 
along the jet where the bulk flow starts to decelerate, Z\ the value for the decel­
eration index in the extended jet, ( e and the opening angle of the decelerating 
je t, 4>e.
We may estim ate the distance at which interaction between the jet and the 
external m edium  begins by considering the internal pressure of the jet w ith re­
spect to the pressure of the interstellar medium. For typical jet powers velocities 
and Mach num bers we find pressures at the base of the jet (zq ~  10-3 parsecs) 
to  be Po ~  10 dynes cm - 2 . From the MHD equation (7.7a) assum ing conical 
expanison and constant velocity, we find the relativistic electron pressure in the 
je t to  be ~  10~9 dynes cm -2 at a distance of 5 parsecs. The pressure of the ex­
te rnal medium  may be estim ated from typical pressures in narrow  line emission 
clouds which we assume are in approxim ate pressure equilibrium  w ith their su r­
roundings. Assuming a typical narrow line cloud density (n = 102 to 103 cm - 3 ) 
and  tem perature (~  104 K; Osterbrock 1989) we find the pressure of the ex ter­
nal m edium  to be 10-9 to 10~10 dynes cm - 2 . Hence, for perfectly reasonable 
je t param eters, the jet pressure reaches approxim ate equality w ith the am bient 
pressure at a distance on the order of several kpc from the base of the jet. This 
result is consistent with estim ates of the transition between the broad line region 
and  the narrow line region occuring on scales of about one parsec (O sterbrock 
and M athews 1986).
To gain some idea of a likely value for the jet deceleration index, ( e, we note 
the  results from the paper of Bicknell et al. (1989) which applies a tu rbu len t 
entrainm ent model to kiloparsec scale jets in a sample of class I radio sources. 
In general, on the scale of tens of kiloparsecs, turbulent entrainm ent of the in te r­
stellar m edium  results in deceleration param eters ( e ~  — 1 (Bicknell et al. 1989). 
F urther justification for ( e ~  - 1  or less is afforded by the projected linear size 
d istribution  of the SSC radio sources (figure 4.5.2). These sources are typically 
less than  100 kpc in size leading us to conjecture th a t the jets are close to stag­
nation  on scales on the order of 100 kpc. This is at least true for the class I radio 
sources. W ith  deceleration initiating around 5 parsecs from the central engine 
and an initial velocity on the order of 105 km s- 1 , a deceleration param eter of 
=  —0.5 implies a jet velocity of around 1000 km s-1 at 100 kpc. A much lower 
velocity of 5 km s-1 at 100 kpc is obtained for ( e = —1. Thus the small size of 
SSC radio sources is more consistent with a value of the deceleration param e­
te r somewhere between —0.5 and —1. The index would have to be even more 
negative if deceleration is only effective along part of the length of the jet.
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We have so far assumed all our models to be conically expanding jets with 
a constant opening angle determ ined by the Mach num ber at the base of the jet, 
A4 o- In the deceleration region we also invoke a conically expanding jet bu t we do 
n t assume th a t the opening angle is necessarily the same as th a t of the inner jet. 
The assum ption of conical expansion in the deceleration region is justifiable since 
a likely mechanism for deceleration of the jet is through tu rbulent entrainm ent 
of the interstellar medium (Bicknell 1986) which generally results in a conically 
expanding jet (Landau and Lifshitz 1959). The prim ary effect of entrainm ent 
is to widen the opening angle of the jet ( e.g. Landau and Lifshitz 1959). It is 
uncertain  what the opening angle of the decelerating jet should be—we adopt a 
value of 6 degrees. This value is suggested by m easurem ents of jet opening angles 
close to the cores of well studied radio galaxies. Bridle (1984) finds th a t resolved 
class II radio jets typically have a spreading ra te  of about 0.1. This is similar to 
the spreading ra te  close to the core of NGC 315 (Bicknell 1986). We also note 
th a t the parsec scale opening angle of M 87 is measured at 7 degrees (Reid et al. 
1989). The opening angle of the inner jet is calculated from the initial Mach 
num ber of the flow as in model I.
Finally we note an im portant consequence of the aasertion m ade in sec­
tion 7.4 th a t all radio sources in our sample have an intrinsic optically thick core. 
This implies th a t all our sources must exhibit a peak frequency, um greater than  
about 5 GHz and consequently our observation in section 7.3.4 th a t the jets tu rn  
on around 0.1 pc from the central engine must actually be an upper limit to 
Zq. A more stringent upper limit is afforded by the observation th a t even the 
low power radio sources in Sadler’s sample (Slee et al. 1989) have optically thick 
cores. Given th a t these are low luminosity sources w ith to ta l radio lum inosity on 
the order of 1039 to 1041 ergs- 1 , we expect the lowest lum inosity sources in this 
sample to have jet powers on the order of 1039 to 1040 ergs-1 and velocities on 
the order of 103 to 104 km s- 1 . Assuming an initial Mach num ber of unity  and 
imposing the condition th a t vm >  12 GHz, we find from equation (7.16) an upper 
lim it to zq of between 5 x 10-3 pc and 0.1 pc. An upper limit of 0.1 parsec for 
zq is a ra ther pessimistic value in the sense th a t it allows for the possibility of 
radio sources w ith high jet powers (~  1042 ergs-1 ) and ra ther low jet velocities 
(~  1000 km s- 1 ). Since there are no detected low lum inosity radio cores with 
steep spectra then it is likely th a t 5 X 10-3 pc is a be tte r upper limit for the dis­
tance at which the jet turns on. Hence, in the rem aining models to be presented 
we adopt a value z0 = 10-3 parsecs.
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7.4.3: Model results and discussion.
Figure 7.6 illustrates the effect of deceleration on the synchrotron core-jet 
spectrum . These spectra have been generated for the case of a conically ex­
panding jet with an initial velocity of 105 km s- 1 . We assume a perpendicular 
m agnetic field and a value of zq =  10-3 parsecs. The opening angle of the inner 
jet is calculated from the initial Mach num ber (as in model I). The outer (decel­
erating) jet, however has a fixed opening angle of 10 degrees (see the discussion 
above). Figure 7.6a is the spectrum  for mild deceleration w ith a deceleration 
param eter ( e = —0.5. Figure 7.6b has ( e = — 1 and figure 7.6c illustrates the 
spectrum  with rapid deceleration for £e =  —1.5. In all cases the spectrum  from 
the underlying (constant velocity) core-jet (or inner jet) is identical. The different 
deceleration param eters serve to overlay a different optically th in  spectrum  from 
the decelerated jet.
In Figure 7.6a the radiation from the decelerated jet is relatively weak com­
pared to the radiation from the inner jet. Hence the spectral peak from the 
partially  opaque inner jet is readily seen at the position predicted by model I. At 
frequencies lower than  the spectral peak frequency vm the spectrum  drops and 
then gradually rises as the optically thin outer jet s tarts  to dom inate the rad ia­
tion from the inner jet. As we proceed to lower frequencies, however the length 
of the optically thick portion of the inner jet grows until it hits the deceleration 
region. At this point, the higher surface brightness optically thick jet intrudes 
into the deceleration region and we see a rapid increase in the lum inosity of the 
radio core. This can be seen clearly at a frequency of a few GHz in the model with 
Mach num ber =  5 and =  1044 ergs-1 in panel (i) of figure 7.6a. We note th a t 
this abrup t change in monochrom atic luminosity of the core-jet is ra ther artificial 
in the sense th a t it does not look like any observed radio core spectrum . The 
abruptness of the change is a consequence of our assum ption of an ab rup t onset 
of deceleration in the extended jet. Clearly a more realistic model would include 
a gradual onset of deceleration in which case the enhancem ent of emission at low 
frequencies would occur more gradually.
The spectral index at frequencies below this lum inosity break is highly in­
verted. This is because in the deceleration region, the variation in transverse 
optical depth along the jet is small (qT is small) and hence the optically thick 
part of the jet extends all the way to the m aximum distance zmSLX. In this case the 
optically thick part of the jet is essentially resolved and we observe the spectral 
index characteristic of opaque synchrotron emission (a  =  —2.5). In practice, we 
never see a resolved, opaque jet. Hence it appears th a t at low frequencies a t least, 
our model is somewhat oversimplified. We m ust be aware of this in the following 
discussion.
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F igu re  7.6a: Model spectra including the effects of deceleration of the jet beyond 
1 parsec. The deceleration param eter, ( e is —0.5 and z q  =  10-3 parsec.
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Figure 7 .6b: Model spectra including the effects of deceleration of the jet beyond 
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Figure 7.6b shows the spectrum  for the same param eters as in figure 7.6a 
bu t w ith a larger deceleration param eter ( e =  —1. This larger deceleration pa­
ram eter has the effect of holding up the surface brightness of the decelerating 
jet. Hence, when integrated over the unresolved length of the jet, the decelerated 
region dom inates the contribution from the inner jet over the entire frequency 
range (except at low frequencies where the optically thick jet intrudes into the 
deceleration region). Hence the overall spectrum  is close to th a t of an optically 
th in  plasm a. The spectral peak from the inner jet component can just be seen in 
the low Mach num ber spectrum  in panel (i) of figure 7.6b.
Finally in figure 7.6c we show the spectrum  for the case where the decel­
eration param eter has the value ( e =  —1.5. In this case the deceleration is so 
strong and correspondingly the optically th in  flux from the decelerating jet is so 
strong th a t it completely dominates the spectrum . The entire spectrum  over this 
frequency range is indistinguishable from the steep spectrum  of optically th in  
synchrotron radiation.
7.4.3.1: Core-jet luminosities.
It is most instructive to express our model results in term s of the three m ain 
observables from our data; the jet power (inferred from the to ta l radio lum inos­
ity), the radio core luminosity and the radio core spectral index. Figures 7-7a 
presents the radio core luminosity as a function the distance at which deceleration 
begins 2q, for a num ber of core-jet models involving different values for the jet 
power and the deceleration param eter. The relevant param eters for the models 
are listed in each panel in figure 7-7. All models have an initial je t velocity of 
105 km s- 1 . The base of the jet lies a distance of z0 =  10-3 parsecs from the cen­
tra l engine. All model jets have been truncated  at 1 kpc representing the typical 
size of the VLA cores in our sample. Each panel in figure 7-7a presents models 
corresponding to different values for the deceleration param eter ( e. In panel (i) 
(e =  —0.5. Panels (ii) through (iv) present the results for ( e =  —0 .7 ,—1 ,-1 .5  
respectively. Each panel also includes a num ber of curves corresponding to  jet 
powers of 1042, all with Mach num ber equal to 5. The jet powers are m arked 
adjacent to the relevant curve in each panel. The horizontal dashed lines in each 
panel approxim ately delimit the range of radio core luminosities (at 5 GHz) ob­
served in our sample. The median core luminosity is 1030 ergs-1 w ith a scatter 
of approxim ately two orders of m agnitude around this num ber.
The general features of each of the curves in figure 7-7a is a decending func­
tion at low values of z\ which flattens out at large values of Z\. For large values 
of z \ , the deceleration region begins a long way out from the central engine. The 
jet has negligible surface brightness at this point and even strong deceleration
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F ig u re  T .7a Model core luminosity as a function of the turn-on point for de­
celeration Z \ . We plot five different jet powers with four different deceleration 
param eters. All models here have the jet begining at z q  =  0.001 parsec and a jet 
cutoff at 1 kpc. O ther param eters are indicated on the different panels.
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Figure 7.7b Model core luminosity as a function of the turn-on point for decel­
eration z\. These models are identical to those shown in figure 7.7a but the jet 
velocity is a factor of ten lower: uq = 104 kms-1 .
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(C =  —1.5) is not sufficient to significantly enhance the emission from the outer 
jet. Hence at large values of Z\ the constant core luminosity represents the lum i­
nosity of the (constant velocity) inner jet with a negligible contribution from the 
outer jet. As z\ decreases the surface brightness at the base of the declerating 
jet rises (because this point is moving closer to the central engine) and the lum i­
nosity from the outer jet rises rapidly. The discontinuous behaviour of the curves 
for low values of ( e (—0.5,—0.7) is caused by the optically thick jet entering the 
deceleration region (as discussed for figure 7-6).
The jet powers plotted in figure 7-7a lie in the range expected for our sample. 
The to ta l radio luminosities in our sample range from about 1041 ergs-1 to about 
1043 ergs- 1 . We noted in our energy budget analysis in chapter 4 th a t the to tal 
radio lum inosity of class I radio sources represents between 10% and 100% of 
their jet power. The to tal radio luminosities of class II radio sources represent 
approxim ately 1% to 10% of their jet power. Hence, given the range of radio 
luminosities in our sample and the approxim ately equal mix of class I and class II 
sources, we expect the range of jet powers in our sample to be on the order of 
1042 ergs-1 to 1045 ergs- 1 .
Panels (i) and (ii) in figure 7-7a show the dependance of radio core luminosity 
on jet power and the base of the outer jet (zi)  for weak deceleration (£c =  
—0.5 and — 0.7). For all except the most powerful jets the core luminosities fall 
below the observed range of core luminosities, except when the optically thick jet 
enters the deceleration region and th  luminosity shoots up ra ther abruptly. We 
have already noted th a t this is an unphysical situation due to our assum ption of 
a discontinuity between the constant velocity inner jet and the decelerating outer 
jet. Hence we conclude from this model th a t these deceleration param eters are 
too weak to reproduce the observed range of core luminosities.
In figure 7-7b we show the radio core luminosity as a function of the position 
of the deceleration region Z\ for the same model param eters as in figure 7-7a 
except th a t we have reduced the jet velocity by a factor of ten to v0 =  104 km s- 1 . 
Reducing the jet velocity for a given jet power has the effect of increasing the 
plasm a pressure in the jets (in order to m aintain the jet power; see equation 
7.14a) and hence increasing the synchrotron luminosity of the jet. This places 
the  model core luminosities in the required range. It is not a very useful solution 
however because (as we show in the next section) the spectral indicies of the 
resulting cores are predom inantly flat.
The models in panels (iii) and (iv) of figure 7-7a do produce powerful enough 
cores over a given range of z\ by virtue of the extra  radio emission from the outer 
jet. In order to reproduce the observed range of core luminosities, the models
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show th a t if Ce — — 1 then deceleration in the jet m ust begin between about 
0.1 parsec and 10 parsecs from the central engine. Similarly for the case where 
( e =  —1.5, deceleration must begin between about 1 parsec and 100 parsecs from 
the central engine. We find th a t these ranges for Z\ do not depend significantly 
on our assumed value for zo, the position of the base of the inner jet, nor are they 
affected by different jet Mach numbers up to Mach 20.
So, comparison of our models with typical core luminosities in our sample 
indicates th a t models in which deceleration begins around 0.1 to 100 parsecs from 
the core are to be favoured. We have also argued th a t the value of the deceleration 
param eter is less than  ( e = —0.7. This is in good agreement w ith our intuitive 
argum ents for likely param eter values given in section 7.4.2.
7.4.4: Core-jet spectral index.
The radio cores in our sample have a d istribution of core spectral index 
ranging from highly inverted (a  ~  —2) to steep (a  ~  1). We can reproduce a 
similar range of spectral indices from our core-jet models by considering varying 
levels of jet deceleration. Models with little or no deceleration, or deceleration 
occuring at large distances from the core exhibit flat or inverted core spectral 
indices because the optically thick inner jet dom inates the emission. Conversely, 
models involving strong deceleration close to the core exhibit steep core spectral 
indices due to the dom ination of the emission by the optically th in  decelerating 
portion of the jet. In this section we examine the constraints which can be placed 
on the decelerating jet model by a consideration of the spectral indices and likely 
jet powers in our sample.
Figures 7-8a presents plots of core spectral index as a function of the distance 
Z\ at which deceleration begins. Each panel represents a given value for the 
deceleration param eter, £e. The top panel has ( e = —0.5, the middle panel has 
£e =  — 1 and the bottom  panle has £ =  —1.5. Each curve within each panel 
plots the relation for a given jet power. A solid curve represents a jet w ith power 
1042 ergss- 1 , a dashed line represents a jet power of 1043 ergss- 1 , a dot-dash curve 
represents a jet power of 1044 ergss-1 and a dotted curve represents a je t power 
of 1045 ergss- 1 . The offset between models with different jet powers is related  to 
the different plasm a pressure (at a given jet velocity and Mach num ber) in each 
jet causing an offset in the observed frequency at which spectral features occur 
in the model synchrotron spectra. All models have a Mach num ber of 5 and an 
initial velocity uo =  105 km s- 1 . These param eters are similar in value to  those 
discussed in the previous section on core luminosity.
Models w ith a low deceleration param eter (£e =  —0 .5 ,—1) show large and 
rap id  excursions in the core spectral index. This occurs for small values of z\
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F igu re  7 .8a Model core spectral index as a function of the distance at which 
decelaration begins z\ .  Different line styles denote different jet powers. Each 
panel plots the spectral index curve for different deceleration param eters. All 
models here have a jet cutoff at 1 kpc and spectral index calculated between 
1.4 GHz and 5 GHz which is appropriate for our VLA data.
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Figure 7.8b Model core spectral indicies as a function of the position of the 
deceleration region Z \ .  All parameters are identical to those used in the models 
of figure 7-8a except that the jet velocity is a factor of 10 smaller, = 104 kms-1 .
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when deceleration occurs close to the base of the jet (at zq =  10~3 parsecs) and 
the optically thick jet intrudes into the deceleration region. We have already 
discussed this in relation to the core luminosities presented in figure 7-7 and the 
synchrotron spectra presented in figure 7-6. We have already noted th a t this is 
an artifact of our simple assum ptions about the onset of deceleration.
O ur aim in producing these core-jet models is to find a physical reason for 
observing steep spectrum  VLA cores in our sample. Hence we are looking for 
a range of param eters which yield steep core spectra (ce >  0.5). For a strong 
deceleration param eter ( ( e =  —1) we find th a t steep spectrum  core are obtained 
for models in which deceleration begins w ithin a few parsecs of the central engine. 
In the previous section we noted tha t the observed range of core luminosities are 
obtained from the £e =  — 1 model for values of in the range of 0.1 parsec to 
about 10 parsecs. Our spectral index data  does not discount this range of possible 
values for z \ .  We simply note th a t a significant num ber of these models m ust 
have deceleration setting in within a few parsecs of the central engine in order 
for the observed cores to exhibit steep spectra.
Similarly for the models w ith strong deceleration (£e =  —1.5), steep spectrum  
cores m ust have deceleration setting in within a few tens of parsecs of the central 
engine. The range of z\ allowed by the observed range of core luminosities is 
10 parsecs to about 100 parsecs and hence we can allow a range of steep to flat 
spectrum  cores for these models.
Figure 7-8b presents the same models as in figure 7-8a except the jet velocity 
is a factor of ten smaller (i>o =  104 km s- 1 ). We see th a t these models do not 
significantly alter our conclusions about the range of Z \  over which we observe 
steep spectrum  cores and flat spectrum  cores. In general we find th a t these 
conslusions are not significantly altered by reasonable variations in o ther model 
param eters such as the position of the base of the jet zo or the jet Mach num ber.
7.4.5: Summary.
We have found in the previous two sections th a t our model involving en­
hanced optically th in  emission from a decelerating jet m atches the observed ra ­
dio core luminosities and spectral indices in our sample for a specific range of 
param eters governing the onset and strength of the deceleration. We find th a t 
the observed cores are successfully modelled for relatively strong deceleration pa­
ram eters ( ( e less than  about —1) and for deceleration setting in on the order of 
0.1 parsecs to 100 parsecs from the central engine depending on the jet power 
and on the strength  of the deceleration. If we adopt a deceleration param eter, 
(e =  — 1 (as suggested by the discussion in section 7.4.2) then for a m edian jet 
power of 1043'5 ergss- 1 , an approrpriate fiducial value of z\ for a steep spectrum
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core w ith  radio luminosity of 1030 ergss-1 is approxim ately two parsecs. This is 
in good agreement with the expected value for Z\ discussed in section 7.4.2 when 
we considered the region where the radio jet is likely to have a pressure equal to 
th a t of the external medium.
These conclusions about the strength and onset of the deceleration region 
are not very sensitive to variations in model param eters such as the position of 
the base of the jet, 2 0, or the jet Mach number. This is true w ithin the range of 
likely param eter values discussed in section?.4.2.
A naive in terpretation  of our deceleration model might suggest th a t it pre­
dicts a correlation between the spectral index of the core and the core luminosity 
or core prominence. This is true to some extent, bu t we do not expact such a 
correlation to  be very strong. The emission from the decelerating jet required to 
produce a steep spectral index core is not necessarily more than  a factor of a few 
tim es the lum inosity of the inner jet. Hence, given the am ount of scatter which 
can be introduced via variations in other param eters such as jet velocity, Mach 
num ber, z0, we do not expect a strong correlation between core spectral index 
and core luminosity, core prominence or even with to ta l radio power. Hence the 
results of section 4.4.2, where we find no correlation between core spectral index 
and core power and possibly a weak trend of core prominence w ith core spectral 
index, are neither surprising, nor troublesome for our model.
7.4.6: Je t in te rac tio n  w ith  th e  narrow -line  region.
So far we have considered deceleration of the core-jet on parsec scales w ith­
out regard to  the deceleration mechanism. We have established and shown the 
validity of a model in which deceleration of the jet produces SSC radio sources 
w ith sm all projected linear size. By comparsion, radio sources which do not en­
counter significant deceleration tend to exhibit an FSC and large projected linear 
size. We now consider the th ird  point discussed in section 7.1 where we noted 
th a t SSC radio sources show a significant correlation between to ta l radio lum i­
nosity and emission line luminosity. Conversely, the FSC radio sources show no 
such correlation. It seems likely tha t the presence of the narrow-line emission 
region (hereafter the NLR) is responsible for deceleration of the radio jet.
An extrem e example of radio source/N LR interaction is furnished by the 
population of compact steep spectrum  radio sources (Saikia 1988; Fanti et al, 
1985; van Breugel, Miley and Heckman 1984; Peacock and Wall 1982; Kapahi 
1981). These sources generally have complex radio morphology on the kpc scale, 
high surface brightness and low percentage polarization, (Fanti et a l,  1985). In 
a num ber of nearby examples intim ate spatial associations are found between 
the com pact steep spectrum  source and the NLR, (Miley 1981; Heckman et al.
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1982; van Breugel, Miley and Heckman 1984). All this is evidence th a t the 
radio morphology of these galaxies is strongly influenced by the emission line 
gas. In a series of papers examining a num ber of nearby radio sources in detail, 
Heckman et al., (1982), van Breugel et al. (1984 a,b) and van Breugel, Miley and 
Heckman (1984) have suggested th a t the radio and optical properties of com pact 
steep spectrum  sources can be understood in term s of jets propogating through 
dense and imhomogeneous interstellar media (Fanti et al., 1985). Com pact steep 
spectrum  radio sources are generally defined as being steep spectrum  sources 
w ith linear sizes less than  a few tens of kpc ( e.g. Saikia 1988). Most of the SSC 
radio sources in our sample are larger than  this and so do not qualify as com pact 
steep spectrum  sources. The parallels between the steep spectrum  cores and the 
com pact steep spectrum  sources are, however quite obvious.
O ther evidence for interaction between kpc radio sources and the NLR 
are furnished by observation of correlations between radio lum inosity and the 
[OIII] A5007 luminosity (de Bruyn and Wilson, 1978) and between radio lum inos­
ity and [OIII]A500T line w idth in Seyfert 2 galaxies (W ilson and Willis 1980). 
Heckman et al. (1981) have confirmed the correlation between radio lum inosity 
and [OIII]A5007 line w idth in Seyfert 2 galaxies and extended it to Seyfert 1 
galaxies and the compact steep spectrum  cores of a num ber of radio galaxies. We 
note however th a t the radio galaxies in this sample were chosen on the basis th a t 
they are known to exhibit strong [OIII]A5007 line emission. W hittle  (1985) also 
finds a strong correlation between [OIII] line w idth and the NLR emission line 
and radio luminosities in a large sample of Seyfert galaxies. He notes th a t there 
is evidence th a t kpc radio jets in some Seyferts may pertu rb  the velocity field of 
the NLR, but the effects are probably not dom inant.
It has been shown by Stockton and M acKenty (1987) and Boroson, Persson 
and Oke (1985) th a t steep spectrum  radio loud quasars exhibit stronger extended 
[OIII] A5007 emission than  flat spectrum  radio loud or radio quiet quasars. Stock- 
ton  and M acKenty (1987) interpret these results as being circum stantial evidence 
th a t the extended [OIII] A5007 gas is debris from recent interactions. W ithin  our 
radio je t/N L R  interaction scenario we may conjecture th a t the emission line gas 
(whatever i t ’s origin) is interacting with the radio jet, causing enhanced optically 
th in  emission.
We conclude th a t there is plenty of evidence in the literatu re  th a t gas in the 
NLR of the SSC sources in our sample provided a likely mechanism for the jet 
deceleration and enhancem ent of steep spectrum  radio emission in our model.
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It is further interesting to note the observation of Baum and Heckman 
(1989a) th a t the narrow line luminosity from broad line radio galaxies corre­
lates b e tte r with the to tal radio luminosity than  does the to ta l (broad+ narrow  
com ponents) emission line luminosity. They ascribe this either to aspect angle 
dependence of the broad line region or to a stronger physical relationship between 
the radio jet and the narrow line region than  between the radio jet and the broad 
line region. It may be true th a t the radio jet and the broad line region do not 
have a close physical relationship because the jet is highly overpressured w ith 
respect to  the medium interior to the narrow line region.
Hence we envisage the following scenario. The base of the jet is highly 
overpressured w ith respect to the interstellar medium and thus the jet initially 
undergoes free expansion. Note th a t Jones et al. (1986) find th a t the parsec scale 
jet in the core of NGC 6251 is not pressure confined. Upon reaching the vicinity of 
the narrow  line region the jet becomes pressure confined by the external m edium  
w ith subsequent interaction and deceleration of the jet.
Finally we mention one other observation which relates to the current model. 
We have noted th a t although there is a strong correlation between emission line 
lum inosity and to tal radio luminosity, in SSC radio sources, the correlation be­
tween emission line luminosity and core radio luminosity is weak. An exam ination 
of the model results in figure 7-5 shows th a t variations in Mach num ber (and in 
jet velocity) introduce considerable scatter in the relation between radio core 
lum inosity and jet power. Rawlings (1987) shows th a t in high powered radio 
sources the fundam ental param eter relating to tal radio lumosity to emission line 
lum inosity is the jet power. A likely explanation for the weak correlation of emis­
sion line lum inosity w ith radio core luminosity is th a t the to ta l radio lum inosity 
is more closely linked to the jet power than  is the core luminosity.
7.4.6.1: The radio/emission-line correlation.
So far our model has concentrated on the effects of the NLR on the radio jet. 
Yet this can only explain a correlation between emission line lum inosity and radio 
core luminosity. The observed correlation between emission line lum inosity and 
to ta l radio  luminosity implies th a t there must be a correlation between emission 
line lum inosity and the power in the jet (Rawlings 1987). Such a relationship 
lies outside our model since the jet power enters as a free param eter. There are 
two possible causes of this correlation. E ither the jet is directly responsible for 
exciting the emission line region, or a th ird  param eter ( e.g. the ionising flux from 
the central engine) is strongly correlated with both  the jet power and the emission 
line luminosity. Baum and Heckman (1989b) note three plausible mechanism s 
whereby the radio jet directly excites the NLR; shock ionisation, ionisation by an
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ultra-violet extension of the synchrotron radio emission and heating/ionisation  
by cosmic rays associated with the radio source.
In chapter 6 we note tha t while there is a strong correlation between radio 
lum inosity and emission line luminosity, there appears to be no correlation be­
tween the excitation level of the NLR and the to tal radio power. This suggests 
th a t the to ta l am ount of gas in the NLR is related to the jet power, yet the exci­
ta tion  of the gas is independent of the jet power. A possible scenario which fits 
this observation is if interaction of the jet with the hot in terstellar m edium  gener­
ates the emission line clouds through shock compression. It is currently  thought 
unlikely th a t shocks are responsible for excitation of the NLR. O sterbrock and 
M athews (1986) discuss the history of shock models for LINER spectra and note 
th a t the current paradigm  is th a t liners  are photoionised by sources w ith a low 
ionisation param eter (Ferland and Netzer 1983). Certainly it appears th a t pho­
toionisation models give a reasonable approxim ation to the line ratios found in 
our sample, and photoionisation models are generally favoured in the lite ra tu re  as 
yielding b e tte r agreement with line ratios in active galaxies in general. We thus 
concluded in chapter 6 th a t our d a ta  shows evidence for a photoionisation as the 
dom inant ionisation mechanism for the emission line regions in all the galaxies in 
our sample.
It is necessary th a t the am ont of cool ionised gas in the NLR is sensitive 
(either directly or indirectly) to the power of the radio jet. We hypothesise, 
therefore, th a t the radio jets are at least partly  responsible for condensation 
of the NLR clouds through shock compression. The excitation of the clouds 
may then prim arily be photoionisation by ultra-violet emission from the central 
engine, inverse-com pton emission from the base of the jet or one of the above 
listed mechanism s m entioned by Baum and Heckman (1989). This m echanism 
may explain the decoupling of the excitation process from the jet power. It may 
also explain the lack of a correlation between emission line lum inosity and radio 
lum inosity in very low power radio sources such as those found in the sample of 
Phillips et al. (1987), Sadler, Jenkins and Kotanyi (1989) and Slee et al. (1989), 
and discussed in chapter 6. Certainly this hypothesis is a good avenue for future 
research.
7.5: Conclusion.
In this chapter we have presented a model which explains m any of the phe­
nom ena discussed in previous chapters. In SSC radio sources a supersonic jet 
initially expands freely into the interstellar medium from the central engine. At
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a distance of several parsecs from the central engine the jet interacts w ith the n a r­
row line emission region causing strong decleration of the jet and a corresponding 
enhancem ent of the optically th in  flux from the jet. These sources thus exhibit 
steep spectrum  cores and the overall length of the radio source is smaller th an  if 
no jet deceleration had taken place.
For the FSC sources, no strong interaction takes place between the jet and 
the narrow line region. The flat spectral index emission in these radio cores comes 
predom inantly  from the optically thick base of the jet on scales of a few parsecs 
or less. Because there is no strong interaction between the jet and the external 
m edium , the jets are free to escape to large distances in the intergalactic medium.
Using “reasonable” param eter values we have been able to reproduce the 
approxim ate radio luminosities and spectral indices for the SSC sources in our 
sample. Our d a ta  also suggests th a t radio jets m ust “tu rn  on” w ithin 10-2 parsecs 
of the central engine. We have also discussed evidence in the lite ra tu re  linking 
jet interaction w ith regions of enhanced steep spectrum  radio emission. This 
evidence shows th a t the NLR is responsible for deceleration of the radio jet on 
sub-kiloparsec scales.
In teraction of the jet with the narrow line region produces an emission line 
lum inosity which is correlated with jet power through some m echanism  which 
rem ains unclear. In chapter 6 we found th a t the correlation between emission line 
lum inosity and to ta l radio power does not extend into the class I region of the 
radio lum inosity function. If the jets in class I sources are subsonic or transonic, 
yet the jets in class II radio sources are supersonic then it is reasonable to suggest 
th a t the underlying cause for the correlation between emission line lum inosity and 
to ta l radio power is due to passage of a supersonic jet powering i t ’s way through 
the interstellar medium. The fact th a t we do see significant am ounts of line 
emission in FSC sources where we have argued there is little  interaction between 
the jets and the emission line gas suggests th a t gas m ust already be present in 
the nucleus of the galaxy before the phenom ena we observe takes place. In other 
words, the jet cannot be directly responsible for the presence of the emission line 
gas.
We might envisage a scenario where cool gas is already in the nucleus of 
the galaxy (maybe as a result of a merger) and a supersonic jet causes local 
condensations in the gas as it barrels i t ’s way through. In this case the difference 
between class I sources and class II sources may be due to less supersonic jets 
a n d /o r exhaustion of the gas supply in class I sources.
Another possibility is th a t the emission line flux and the radio jet flux are 
bo th  caused by the same th ing— the am ount of emission line gas. The more gas
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there is, the more fuel is supplied to the source producing a higher powered jet 
and more Hoemission. The difference between class I and class II may then be 
due to the gas supply becoming exhausted in the older class I sources.
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Chapter 8: 
Conclusions.
In this chapter we present the conclusions from the previous six chapters on 
a chapter-by-chapter basis. We then discuss our overall conclusions.
The aim  of this study is a quantitative exam ination of the emission line lu­
m inosities and emission line ratios in a complete sample of radio galaxies and to 
relate the emission line properties to the radio properties. There is already some 
knowledge of the emission line properties at the extremes of the radio lum inos­
ity function. Hine and Longair (1979), Rawlings (1987) and Baum  et al. (1988) 
studied emission line luminosities in high powered radio galaxies chosen largely 
from  the  3CR catalogue. At the low end of the radio luminosity function, Phillips 
et al. (1986) examined the incidence of emission lines in a large sample of early- 
type galaxies which are either radio quiet or have radio sources of low power. We 
have chosen to concentrate on a sample of interm ediate radio power. O ur sample 
selection criteria discussed in chapter 2 incorporates a com bination of declina­
tion lim its, radio flux limits and optical m agnitude limits to yield a complete 
sam ple of early type radio galaxies with radio powers between 1024 W H z-1 and 
1026 W H z-1 at 1.4 GHz. This is an intrinsically interesting region of the radio 
lum inosity function to study because of the well known change in morphological 
class which occurs around 1024'5 W Hz-1 at 1.4 GHz (Fanaroff and Riley 1974; 
Bridle 1984). There are a num ber of radio source properties which are linked 
w ith the Fanaroff and Riley class (such as jet sidedness, je t spreading ra te , jet 
Mach num ber) An understanding of these two classes is essential to  an under­
standing of the radio source phenomenon. This region of the radio lum inosity 
function is also interesting because it lies between the regions where we already 
have some knowledge about the emission line properties of powerful 3CR radio 
galaxies (Hine and Longair 1979, Rawlings 1987 and Baum et al. 1988) and the
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emission line properties of radio quiet early-type galaxies such as those studied 
by Phillips et al. (1986).
In examining the completeness of our sample in chapter 2 we point out tha t 
the trad itional Schmidt (V / Vm) estim ator is biased when the sample selection 
involves an apparent m agnitude lower limit as well as an upper lim it. We present 
an alternative (V / V m) param eter which is unbiased in this case. On applying the 
modified Schmidt (V /V m) test to the sample it is found th a t “quantisation effects” 
resulting from imprecise apparent m agnitude estim ates yield large errors in the 
results of the modified (V /V m) test. We remedy this situation by adding noise to 
the m agnitude estim ates and find tha t the value for (V /V m) for the overall sample 
is in excellent agreement with published values of (V /V m) for o ther nearby radio 
galaxy samples. We find no significant incompleteness due to the radio selection 
criteria of the sample. This is not surprising given the completeness lim its of the 
Parkes survey. We do find evidence for minor incompleteness of optically faint 
galaxies in our sample. Given the uncertainties in the optical m agnitudes used 
in our selection it is difficult to quantify the extent of this incompleteness but 
it appears to be small. We assert th a t the sample we have isolated from the 
Parkes catalogue is essentially complete and representative of radio galaxies with 
radio powers lying around the Fanaroff-Riley transition  region at 1024'5 W H z-1 at 
1.4 GHz. Moreover, the sample is homogeneous in the sense th a t it only contains 
radio sources associated w ith early type galaxies.
In chapter 3 we present a detailed discussion of the VLA observations and 
the production of to ta l intensity maps at 1.4 GHz and 5 GHz. Observations at 
the two frequencies were obtained using scaled array observations which samples 
sim ilar regions of the fourier (uv ) plane at the two frequencies. Using these data  
we are able to construct reliable spectral index maps for most of the sources in 
our sample.
Given th a t radio core emission arises from a similar region to the narrow  line 
emission we felt it was essential to subject the core properties of the radio sources 
in our sample to a detailed investigation. The resolution of our VLA observations 
of different sources ranged from less than  1 arcsecond up to about 10 arcseconds 
(depending on the arrays and the frequency used in the observations). For the 
redshift range of our galaxies, this means th a t the regions we regard as VLA 
radio cores are on the order of 1 to 10 kpc. Since radio cores are (by definition) 
unresolved regions of intense radio emission coinciding w ith the galaxy nucleus, 
the only radio core param eters readily available to us from the VLA d a ta  are the 
core flux density and spectral index. Accurate flux densities are difficult to  obtain 
for m any radio cores because of confusion w ith extended emission. In class I 
radio sources, the core is often contiguous with ra ther bright inner jets making
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flux density m easurem ents without contam ination from the extended jets ra ther 
difficult. In class II sources, the radio cores are often buried in the extended 
emission from plasm a flowing back from the hotspots at the ends of the jets. 
We succsessfully avoid these sources of confusion by applying a high pass filter 
to the d a ta  to elim inate surface brightness fourier components w ith low spatial 
frequency. Thus we are able to obtain accurate radio core flux densities down to 
levels of about 10 mJy. Core flux densities at 1.4 GHz and 5 GHz yielded radio 
core spectral indices for 50% of the sample.
We find a large range of radio core spectral indices ranging from highly 
inverted (ce ~  —2 w ith S„ oc u~a) to steep spectrum  (a  ~  1). We also find 
evidence for a bim odality in the distribution of radio core spectral indices with 
apparently  no radio cores having a spectral index between zero and 0.5. In other 
words, the radio cores are generally either optically thick or optically thin. This 
fact allows us to seperate the sample of radio sources w ith known spectral index 
into a steep spectrum  core (SSC) subsample (a  >  0.5) and a flat spectrum  core 
(FSC) subsam ple (c* <  0.5). This seperation of the sample on the basis of radio 
core spectral index turns out to be crucial to the overall conclusions of this work.
Com parison of our VLA data  with the results from long-baseline interfer­
om etry (using the Parkes-Tidbinbilla interferom eter) for selected sources in our 
sam ple w ith relatively bright radio cores indicates th a t the steep spectrum  cores 
have steep spectra  because of a significant am ount of optically th in  radio emis­
sion on scales of hundreds of parsecs. By contrast, the flat spectrum  cores appear 
to  be dom inated by optically thick emission from length scales on the order of 
parsecs or less. This discovery, plays a crucial role in our in terpreta tion  of the 
relationship between radio and emission line luminosity discussed further below.
One of the im portan t aspects of this work has been to understand  the energy 
budget in these sources and this, in part, involves good estim ates of the m inum um  
pressure w ithin the lobes of the radio source. An im portan t element of such 
analyses is to have unbiased estim ates of the radio source dimensions. We also 
find th a t radio source dimensions provide an im portan t key to understanding the 
n a tu re  of the radio cores in our sample. To obtain radio source dimensions which 
are ”non-subjective” and independent of resolution effects, we adopt a moment 
analysis technique using the clean components generated by the CLEAN image 
deconvolution of the radio maps. The m ethod we use is largely based on the 
work of Schwartz (1979) and on the param eters suggested by Burn and Conway 
(1976). We show th a t this m ethod has the advantages of being objective and 
largely independent of resolution. The m ethod determ ines position angles, radio 
source lengths, w idths and a measure of the asym m etry of the source. We find 
th a t the central brightness param eter suggested by Burn and Conway (1976)
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is not a good discrim inator of morphological class. Finally in the last p a rt of 
chapter 3 we present lobe surface brightness m easurem ents and combine these 
w ith m om ent analysis dimensions to derive minimum pressures in the radio lobes 
for m ost of the resolved sources in our sample.
C hapter 4 presents further discussion of the radio properties of the sources in 
our sample. The first half of chapter 4 presents detailed analyses of several well 
resolved sources for which high quality spectral index maps could be produced. 
We use spectral aging techniques analyses to derive flow velocities and ages for 
the lobes (or jets) in these sources. The m ethod of spectral index aging analysis 
we use is due to Cameron (1988). It takes into account variations in m agnetic 
field strength  and density along the flow and is more self-consistent than  other 
m ethods of aging analysis presented in the literature.
We derive flow velocities and ages for 10 radio sources in our sample. In gen­
eral the aging analysis works better for class II backflows than  for the four class I 
je ts included in our analysis. This is almost certainly because our assum ption of 
an adiabatic flow with no particle acceleration is not valid for the class I jets in 
this power range. This is probably because of reacceleration of the relativistic 
electrons in class I radio jets as a result of some process such as turbulence. O ur 
ad iabatic  assum ption does appear to be valid in the class II backflows which we 
study. This is probably because of the lack of any large scale turbulence in the 
backflows of these sources. In all cases we check the consistency of our aging 
analysis by determ ining whether the equation of continuity for relativistic p a rti­
cles is satisfied in the flow. In most cases we find th a t flux of relativistic particles 
along the flow is constant (w ithin the errors) indicating th a t continuity is satis­
fied in these flows. We notice th a t in cases where continuity is not satisfied, the 
m aterial flux tends to increase ra ther than  decrease. We suggest th a t this is due 
to  bouyancy effects in the gaseous halo of the host decelerating, compressing and 
expanding the backflow at the inner ends of the class II radio lobes.
Also in chapter 4 we derive equations which form the basis for a com pre­
hensive energy budget analysis for class II radio sources. C ontributions to  the 
to ta l lobe energy budget come from the internal energy of the synchrotron em it­
ting  plasm a, the kinetic energy in the backflow of the plasm a with respect to  the 
intergalactic medium, the work done by the radio lobe in expanding into the in- 
tergalactic medium and the energy lost from the lobes in the form of synchrotron 
and inverse compton emission. Estim ates of all these contributions to the to ta l 
lobe energy combined with an estim ate of the radio source age result in an es­
tim ate  of the average energy flux in the jet which powers the radio lobe. Flow 
velocities and ages derived from the spectral aging analysis are used in the energy
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budget analysis along with estim ates for the plasm a internal energy from  lobe sur­
face brightness m easurem ents, moment analysis dimensions and m inim um  energy 
estim ates of the lobe pressure from chapter 3. An im portan t quantity  involved 
in this energy budget analysis is the velocity of the plasm a backflow w ith respect 
to  the intergalactic medium. To a good approxim ation, this is the same as the 
velocity of the backflow relative to the hotspot, m easured by the spectral index 
analysis. The analysis in chapter 3 shows th a t it is quite likely th a t the kinetic 
energy in the backflow is the dom inant form of energy in class II radio lobes.
We find th a t the radio luminosity accounts for between a few ten ths of a 
percent and a few percent of the total energy budget of the class II radio sources 
for which we have velocities and ages. This finding agrees w ith the results of 
Rawlings (1987) for a sample of radio sources which is more powerful th an  our 
sam ple by an order of m agnitude or more. Thus there is no evidence for any 
dependence on radio power of the ratio between radio lum inosity and jet power 
in class II sources. We note tha t Bicknell et al.( 1989) find a generally m uch larger 
ra tio  of radio lum inosity to jet power in a sample of class I radio sources. We 
suggest th a t the fraction of jet power which goes into radiation is prim arily  a 
function of the morphological class of the radio source. A possible reason for this 
dependance on morphology is th a t class I sources class I source are older than  
~  few x 108yrs so th a t they have a longer time to come into radiative equilibrium  
(Bicknell et al. 1989, Bicknell 1986). We find the ages of our class II sources to 
be only ~  106yrs. Another point is tha t in class I sources, there is no kinetic 
energy to  speak of since the jets have been stopped (Bicknell 1986). M ost of 
the  other relevant energy is in the form of internal energy and m agnetic energy. 
Only a small am ount of the energy in class II radio sources goes into rad iation . 
We have used this observation to infer likely jet powers from the range of radio 
powers in our sample and used these estimates in our core-jet models presented 
in chapter 7.
The second p art of chapter 4 presents a statistical discussion of th e  radio 
cores and their relation to the large scale radio emission. In particular we exam ine 
the spectral index of the radio cores as a function of their relative prom inence in 
the radio source. We also examine the relationship of core spectral index to the 
linear size of the radio source. We do not find any correlation of the spectra l index 
of the core w ith core radio power or with to tal radio power. There is a suggestion 
of a trend  of increasing core prominence with steepening core spectral index, bu t 
we find no significant correlation between these two quantities. Using th e  radio 
source lengths derived from our moment analysis in chapter 3 we derive th<e radio 
source size d istribution  for our sample. We find an exponential size distri bution
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which is in agreement with the size distribution for 3CR radio sources published 
by Ekers and Miley (1977).
W hen we compare the d istribution of projected linear size for radio sources 
w ith steep spectrum  cores w ith those for radio sources w ith flat spectrum  cores, 
we find th a t the steep spectrum  core sources have a size d istribution  which is 
significantly more peaked toward smaller linear sizes than  the flat spectrum  core 
sources. Both of these results are in the opposite sense to w hat is expected if 
the flat spectrum  radio cores in our sample are beamed as a result of relativistic 
m otion close to  the line of sight (as in the unified model commonly invoked for 
quasar cores).
The relativistic beam ing model for radio source cores implies th a t radio 
emission from jets which point close to the line of sight should have the emission 
from the opaque base of the jet boosted to produce a prom inent, flat spectrum  
core. A consequence of such jets being close to the line of sight is th a t prom inent 
flat spectrum  cores should preferentially be found in radio sources w ith small 
projected linear size. According to the beaming theory, radio sources w ith steep 
spectrum  cores are not subject to beaming because they lie at large angles to 
the line of sight and hence steep spectrum  cores should preferentially be found 
in radio sources with large projected linear size. Our result th a t flat spectrum  
cores are preferentially found in larger sources therefore implies th a t orientation 
effects and relativistic beaming effects are not im portan t in determ ining these 
relations in our sample. This result does not refute the validity of the beaming 
model however. Because our sample was selected on to ta l radio flux, which is 
rad iated  isotropically, there should be very few sources which are oriented toward 
our line of sight. Hence, we would expect th a t relativistic beam ing effects should 
not play a significant role in the observed properties of the sample. R ather, this 
result shows th a t the spectral index of the radio cores m ust be determ ined by the 
physical conditions within the radio cores.
C hapter 5 presents a description of the optical observations carried out as 
pa rt of this project. Using the Anglo-Australian Telescope we obtained spectra 
of interm ediate resolution and low resolution covering a wide spectral range for 
a representative selection of galaxies in our sample. Because of the lim ited time 
available (and cloudy weather on a num ber of nights) we were unable to obtain 
optical spectra for all of the sources in our sample. However, the sources observed 
were chosen at random  on the basis of how close they were to culm ination at the 
tim e of observing. Therfore, our optical da ta  is of a representative subsam ple of 
the complete sample. We have emission line da ta  for 60% of the galaxies in our 
sample.
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Using the RGO spectrograph we obtained interm ediate resolution spectra 
in the  range 3727Äto about 5500Ä. These spectra yielded redshifts from the 
stellar absorption spectra as well as [OIIJAA3727,9, H/? and [OIII]AA4959,5007 
emission line fluxes (or upper limits). Low resolution spectra using the Faint 
O bject Red Spectrograph were simultaneously obtained for the spectral region 
5500Äto 1 micron. These spectra yielded H/9, [OIII] AA4959,5007, [OIJA6300, Hce, 
[NII]A6584 and [SII]AA6717,31emission line fluxes (or upper lim its). We observed 
a wide range of spectral types in our sample ranging from spectra dom inated by 
a stellar continuum  with little or no detectable emission lines, to  spectra  with 
strong emission lines on a continuum  dom inated by a power-law com ponent. The 
m ost commonly detected lines are the Hceand [Nil] AA6548, 84 lines (which are 
unresolved in our FORS data) and the [OII]AA3727,9 doublet. The Ha:+ [Nil] 
lines are detected in more than  80% of the galaxies. Three of the galaxies we 
observed are broad-line radio galaxies.
C hapter 6 presents a discussion of the emission line properties and their 
relationship w ith the radio properties of the galaxy. We use “survival analysis” 
techniques to  test for correlations in both  the flux dom ain and in the lum inosity 
dom ain so as to avoid detecting spurious correlations in the lum inosity domain 
due to  M alm quist bias. We present correlations of a num ber of emission line 
lum inosities w ith to tal radio power. Basically we detect correlations between 
emission line luminosity and to tal radio power for all emission lines tested except 
for [OIII]AA4959,5007.
We also show th a t correlations of these emission lines w ith the core radio 
power are significantly weaker than  the correlations w ith to ta l power indicat­
ing quite strongly th a t to ta l power is more fundam entally related to the nuclear 
emission line region. We examined the radio core spectral index as a second 
param eter in the correlation between emission line luminosity and to ta l radio 
power. We find evidence for an effect where there is a reasonably strong corre­
lation between emission line luminosity and to tal radio power for radio sources 
w ith steep spectrum  cores. Radio sources with flat spectrum  cores, however show 
no significant correlation between emission line luminosity and to ta l radio power. 
This is true for all emission lines except for [SII] AA6717,31 and [OIII] AA4959,5007 
where neither subsample shows a particularly significant correlation according to 
the more believable Kendall generalized tau  test (although even in these cases 
the tau  param eter for the steep spectrum  core sources is significantly higher than  
th a t for the flat spectrum  core sources). This effect is also present in the weaker 
correlation between radio core power and emission line luminosity. If the effect 
is verified w ith more observational da ta  then we suggest tha t the radio sources 
w ith steep spectrum  cores show evidence for interactions between the radio jet
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and the narrow  emission line region thus giving rise to the different relationship 
between the emission line luminosity and the radio power for the two populations 
of radio source.
C om parison of our results with the results of Rawlings (1987) and Baum 
et al. (1988) confirms the observed correlation between emission line luminosity 
and  to ta l radio power for the [OIII] AA4959, 5007 and H<a+[NII] emission lines. 
The com bined samples show tha t these correlations extend over four decades in 
radio power for class II radio sources. A comparison of our results w ith the results 
of Phillips et al. (1986) shows th a t the correlation between emission line lum inos­
ity  and to ta l radio power does not extend into the low power radio sources. Re­
m arkably, the results presented in this thesis show tha t the correlation “switches 
on” at the power of the Fanaroff-Riley class I/class II transition  region. In other 
words we find th a t the properties of optical emission lines in radio galaxies (i.e. 
the ir streng th  and correlation with radio power) depend upon this fundam ental 
division of radio sources into two morphological classes. A lthough we have al­
ready found th a t to ta l radio power is an im portant quantity  related to emission 
line lum inosity in class II radio sources, it is also true th a t morphological class is 
ano ther fundam ental quality relating radio galaxies to their associated emission 
line regions. W hy should this be so?
Clearly the radio source must be related to the narrow emission line region 
via some m echanism  which is present in class II radio source and absent (or unim ­
p o rtan t)  in class I radio sources. Note also th a t our results on the correlation 
of emission line lum inosity and to tal radio power in sources w ith steep spectrum  
cores (chapter 6 and 7) suggests th a t there are mechanical interactions between 
the  emission line region and the radio jet on parsec scales. Bicknell (1985) sug­
gested th a t the jets in class I sources are subsonic or transonic while the jets in 
class II sources are supersonic. Supersonic jets in class II radio sources may be 
expected to generate shockwaves in the interstellar medium. These shockwaves 
would be weak or non-existent in class I sources. It thus seems plausible tha t 
the correlation between the emission line luminosity and to tal radio power in the 
SSC sources is related to the passage of a supersonic jet through the interstellar 
m edium . The fact th a t we see significant am ounts of line emission in FSC sources 
where we have argued there is little interaction between the jets and the emission 
line gas suggests th a t gas must already be present in the nucleus of the galaxy 
before the phenom ena we observe takes place. In other words, the jet cannot be 
directly responsible for the presence of the emission line gas.
We m ight envisage a scenario where cool gas is already in the nucleus of 
the galaxy (m aybe as a result of a merger) and a supersonic jet causes local 
condensations in the gas as it barrels i t ’s way through. In this case the difference
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betw een class I sources and class II sources may be due to less supersonic jets 
a n d /o r  exhaustion of the gas supply in class I sources.
A nother possibility is th a t the emission line flux and the radio jet flux are 
bo th  caused by the same thing—the am ount of emission line gas. The more gas 
there  is, the more fuel is supplied to the source producing a higher powered jet 
and m ore Hceemission. The difference between class I and class II may then be 
due to  the gas supply becoming exhausted in the older class I sources.
It is generally accepted in the literature ( e . g . O sterbrock and M atthew s 1986) 
th a t emission line regions in all active galaxies are predom inantly photoionised. 
In the second part of chapter 6 we present a num ber of useful line ratios for 
galaxies in our sample and compare them  with line ratios published in the liter­
ature. We find th a t our line ratios cover similar regions of param eter space as 
Seyfert galaxies, powerful radio galaxies and LINER galaxies. Moreover, we find 
a continuity between the Seyfert-type spectra and the LlNER-type spectra  in our 
sam ple which suggests a common ionisation mechanism (presum ably power-law 
photoionization) for all these spectra. This is already known for nuclear emission 
line regions in late type galaxies, but this is the first study to find com plem entary 
evidence in early type galaxies.
We also investigate whether there are trends in emission line ratios w ith to tal 
radio power. We find tha t three radio sources with unusually strong [OI]A6300 
emission w ith respect to their [OIII] AA4959, 5007 emission are also associated with 
strong X-ray sources observed with the Einstein observatory. Three o ther sources 
w ith more norm al (within our sample) [OI]A6300 strength  have little  or no asso­
ciated X-ray emission. Although we acknowledge th a t we have incom plete infor­
m ation on the X-ray properties of the galaxies in our sample we suggest th a t the 
emission lines in the three objects with strong [OIJA6300 emission are significantly 
affected by the presence of the X-ray source ( e . g .  through X-ray ionisation, or con­
densation of emission line filaments out of a cooling flow) and exclude them  from 
our analysis. After this exclusion we find a trend in the [01] A6300/[OIII] A5007 
ra tio  w ith radio power in the sense th a t [01] A6300/ [OIII] A5007 decreases with 
increasing radio power. We do not, however observe any corresponding trend  of 
decreasing [Oil]AA3727,9 / [OIII]A5007 ratio  with radio power. This observation 
is based on only a few d a ta  points but if it is true, then  we in terpret it as in­
dication of a trend in softening ionising spectrum  with increasing radio power. 
As the power of the radio source (and by inferrence the jet power) increases, the 
X-ray emission in the photoionising continuum  spectrum  becomes increasingly 
dom inated by radiation from the ultra-violet. We find, however th a t there is no 
correlation of ionisation param eter with to tal radio power.
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In chapter 7 we examine a num ber of core-jet models to establish a theoretical 
basis for understanding the results presented in previous chapters. We reinforce 
the notion th a t the spectral index of the radio cores in our sample are due to  the 
intrinsic na tu re  of the core ra ther than  due to orientation and beam ing effects. We 
develop simple models for the synchrotron power and spectrum  of a supersonic, 
non-relativistic jet. Our first model involves calculating the synchrotron radiation 
from plasm a in a one dimensional flow given the initial pressure, m agnetic field 
and w idth of the jet. In our model, the evolution of the plasm a along the flow 
is determ ined via the continuity equation for the flow and the requirem ent of 
m agnetic flux conservation. We also assume a constant velocity for the jet. It 
is found th a t radio emission from the jet is dom inated by emission from the 
region close to where the transverse optical depth ( r )  is unity and the radio 
core spectrum  is opaque. The position of the “r  =  1” surface on the jet is a 
function of frequency. As one increases the observing frequency the position of 
the “r  =  1” surface moves toward the (non-radiating) base of the jet. Eventually 
the frequency is high enough th a t the whole jet is optically th in  and the radio 
core spectrum  becomes optically thin. The frequency at which we see a transition  
from an optically th in  core to an optically thick core depends on the physical 
param eters w ithin the core-jet. We related the observed radio power of the core 
and i t ’s spectral index to the radio jet param eters (jet power, velocity, Mach 
num ber) and showed th a t the simple model cannot m atch the observational data.
We find th a t a modification of this model to take into account deceleration of 
the jet on scales of tens to hundreds of parsecs from the central engine, enhances 
the optically thin radio emission from the core providing a be tte r m atch to  the 
observations. In our model, the (VLA) radio core emission in radio sources with 
steep spectrum  cores is dom inated by optically th in  emission from a decelerating 
jet on scales of a few to hundreds of parsecs. F lat spectrum  cores arise in radio 
sources where emission from the decelerating jet is not strong enough to dom inate 
the emission from the opaque part of the jet on scales less than  a parsec. We 
in terp re t the jet deceleration as being due to je t/gas interaction in the narrow  line 
region associated with steep spectrum  radio sources. Im portan t support is lent to 
this in terpreta tion  by calculating the evolution of the jet pressure w ith distance 
along the radio jet. We find for typical jet param eters and typical pressures in 
the narrow  emission line region, th a t the jet will come into approxim ate pressure 
balance w ithin the narrow line region of the galaxy.
We close the chapter w ith a discussion of this in terpretation  in the light of 
evidence for interaction between radio jets and the narrow line region in Seyfert II 
galaxies and in compact steep spectrum  radio sources. We point out th a t previous 
studies of radio galaxies, quasars, Seyfert II galaxies and compact steep spectrum
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radio sources all show a strong relationship between the presence of optically th in  
radio emission and evidence (such as correlations between emission line w idth and 
radio power in Seyfert II galaxies) for interaction between jets and the narrow line 
emission clouds. These studies suggest obvious parallels between these objects 
and the steep spectrum  core sources in our own sample of radio galaxies.
We may sum m arise the most im portant results of this thesis as showing th a t 
there is substan tia l evidence for interaction between radio jets and the naroow 
emission line gas on sub-kiloparsec scales. This interaction occurs only in about 
half the galaxies in our sample and causes an enhancem ent the steep spectrum  
emission of the jet on scales of hundreds of parsecs. Hence these sources exhibit 
optically th in  radio core emission. The interaction results in substantial deceler­
ation or d isruption of the jet causing the overall linear size of the radio source to 
be smaller th an  if no interaction takes place. The jets in radio sources w ith flat 
spectrum  cores undergo such interaction with the emission line gas. They are not 
substantially  decelerated or disrupted and so the overall size of these sources is 
typically larger th an  sources with steep spectrum  cores. The flat spectrum  radio 
emission in these radio cores arises predom inantly from the opaque jet on scales 
of a parsec or less. The strong correlation between emission line lum inosity and 
to ta l radio power in the steep spectrum  core sources is believed to be related 
to the presence of a supersonic jet powering i t ’s way through the in terstellar 
medium. The possible mechanism for this correlation requires more work for i t ’s 
full elucidation.
This scenario successfully explains the luminosities and spectra  indices of 
the radio cores in our sample. It successfully explains the different linear size 
distributions observed for the flat spectrum  core sources and steep spectrum  core 
sources. It also suggests an explanation for the turn-on of the correlation between 
emission line lum inosity and to tal radio power at the class I/class II transition. 
O ur model fu rther shows why there is only a weak correlation between core radio 
power and emission line luminosity and why there is no strong correlation between 
radio core prom inence and core spectral index.
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Appendix A:
A Modified (V/Vm) test.
An uncommon feature of our sample selection criteria is the use of a bright 
optical lim it to select against nearby radio sources of low power. For a sample with 
a bright lim it the s tandard  Schmidt {V/Vm) param eter is no longer applicable and 
m ust be modified somewhat. In this appendix we first show th a t the standard  
Schmidt estim ator is biased in the presence of a m inim um  radius. Then we discuss 
the modified (V/Vm) param eter.
Consider an object in a sample with known intrinsic properties (e.g. lum i­
nosity). The object of the (V / Vm) test is to identify a m axim um  distance, D max, 
beyond which the object would not be included in the sample. Suppose th a t the 
probability th a t this object lies within a given volume elem ent dV w ithin the 
range [Dmax,Dmin] is proportional to D to some power ß:
f ( D ) d V  a  Dß dV. (.4.1)
Assuming spherical sym m etry and normalising to unit probability over the entire 
volume yields:
( -4 2 1
Note th a t the case ß  =  0 corresponds to a uniform spatial distribution for an 
ensemble of objects in a sample.
The standard  Schm idt V / V m param eter is the volume enclosed by the object 
divided by the m axim um  volume within which the object could lie and remain in 
the sample: V/ Vm = D 3/D^nax. Hence, the expectation value for V/ Vm is:
r  a x  3
(V/Vm)Sckm,d t = — - f ( D ) d V .  3)
JVmin ^  max
This yields, after substitu ting  (A .2) and some m anipulation:
{ V / V m )  Sc hm id t  ~
Z + 0 \  (Tle+ß- l )
6 + 1 )  T v(vJvrzY y (.4.4)
A-l
where 7Z = Dmax/ D min. Clearly, for the case of a uniform spatial distribution:
/ ^ m  ) S c h m i d t
^  - 1 ) 
n3(n3 -1) (.4.5)
is biased away from the cannonical value of |  by a factor depending on 7Z.
The standard  (V/Vm) estim ator should be modified to produce an unbiased 
result for a uniform distribution. An obvious generalisation of the standard  V /V m 
param eter to include a m inim um  distance is:
V/ Vm D3 -
Dmat ~ Dm,n
The expectation value of this param eter is:
(.4.6)
{V,Vm) = 3 +  ß \  (Rt+I3 -  1) \
6 + ß )  ( W + P - l )  y
(.4.7)
We may recover the unbiased Schmidt estim ator (he. (V/Vm)Schmidt f°r a 
sample w ith no m inim um  radius) by letting Dmin tend to zero:
(V/V^ScTZTä, =  tonjy/Vm) =  U | -  (-4 -8 )
Note th a t for a uniform distribution this estim ator returns a value of Figure 
2a-l plots the ra tio  of (V/Vm) to the unbiased Schmidt estim ator as a function 
of 7Z for values of ß between -2 and 2. It is clear th a t our new (V/Vm) estim ator 
gives a value of ^ for a uniform probability distribution independant of the value 
of n.
It should be noted th a t the above results have been derived for the case of a 
single object w ith a given probability  distribution. A complicating factor arises 
for the case of an ensemble of objects w ith different luminosities where Dmax and 
Dmin (and hence 7Z will themselves be random  num bers. This would tend to 
increase the variance of (V/Vm) and may even add a bias. Figure A -l indicates, 
however th a t this effect is likely to be significant only for high or low values of ß 
and values of 7Z close to unity. It is anticipated  therefore th a t the results for our 
sample are largely unaffected.
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Figure A - l :  The ratio  of (V/Vm) to (V / Vm)sThmTät f°r sPa^ial distributions 
corresponding to various values of ß in equation A.2. The distribution with 
ß = 0 corresponds to a uniform  spatial d istribution.
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Appendix B:
Moments of the brightness 
distribution.
Consider a radio source brightness d istribution modelled by n clean compo­
nents. Each component has a flux-density I t and a position vector w ith respect 
to the phase reference x  =  (x , y ) =  ( xn  , 2^ 2 )- W here i denotes the component 
num ber. We assume the extent of the brightness distribution to be small enough 
th a t euclidean geometry can be used.
The zero-th moment is a scalar defined as the sum over all com ponent flux- 
densities:
<° = y >  (B.i)
i
This is simply the to ta l flux-density of the source. We adopt the convention th a t a 
superscript denotes the order of the m om ent, a subscript denotes the component 
of th a t moment. Superscripts and powers should be distinguished by the context.
The first moment is a vector with component a  given by:
T,i =  y p i i w  (B.2)
i
The centroid of the source has a position vector (w ith respect to the phase refer­
ence):
X C en , = ( T } / t ° ,T } / t 0).
In calculating higher m om ents we transform  to a coordinate system with 
the radio source centroid, x cen< at the origin. Hereafter vectors w ithout a tilde 
denote the transform ed coordinate system. Hence the second m oment is a 2 x 2 
m atrix  with elements:
Tciß —  ^  ^  I{XiotXiß
i
or,
t .2 __ f  £ ,  Ux] £ ,  I,x,y,  \
VE.fey. £ .hy? ) (B.3)
B -l
Denote the eigenvalues of this m atrix as Ai and A2 , with Ai >  A2 . By analogy 
w ith the definition of Burn and Conway (1976) we define the largest scale length 
Ri  and the w idth R 2 as:
R i =  2 where z =  1,2. (B.4)
The corresponding eigenvectors (normalised to unit length) are denoted u and 
v and represent the m ajor and minor axes of the brightness d istribution respec­
tively. Note th a t there is a sign am biguity in determ ining these eigenvectors. 
They should be chosen such th a t the transform ation m atrix
P = U2
V2
represents a true ro tation w ith de t(T ) =  1. If this isn’t ensured then the m ajor 
and m inor axes of the brightness distribution will be confused.
In general the m -th  m om ent is a sym m etric tensor of rank m. To derive 
physically meaningful param eters from these tensors they m ust be contracted 
along a suitable unit vector. The following param eters derived from the third 
and fourth  moments have been contracted onto the m ajor axis vector u.
C ontraction of a tensor, T m, to yield a scalar quantity, t m , is achieved 
through repeated evaluation of the inner product of the tensor with a relevant 
vector, x. The result for a sym m etric tensor in two dimensions is:
rpm  m — k l
a . . . a ß . . . ß x a (B.5)
where (=Si) denotes the binomial coefficients.
For example the scalar contraction of the th ird  m om ent tensor with the 
m ajor axis u =  (^ 1 , ^ 2 ) is:
t  — ^ 1 1 1 ^ 1  T  3 T \ \ 2 u \ u 2 T  3 T i 2 2 u l u 2 T  r^ 222 u 2 ’
where,
Ta a a
3
a
1
— ^   ^ aX 2ß
B-2
The skewness param eter T\ is defined by:
(B.6)
and is related to the projected skewness of the radio source along i t ’s m ajor axis. 
As an example, we show below th a t for a double point source T\ is equal to the 
flux-density ratio  of the two components.
Similarly, the central-brightness param eter, C i, is defined by:
C i = (B.7)
where tA is the scalar contraction of the fourth m oment tensor onto the m ajor axis. 
This param eter is related to the central “peakiness” of the brightness distribution 
along the m ajor axis.
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Appendix C:
Radio Maps.
In this appendix we present radio contour maps for all the sources in our 
complete sample for which radio maps are available. This comprises over 90% of 
the complete sample described in chapter 2. Most of the maps come from our 
own VLA observations. We also present some radio maps from the literature for 
sources which we either have not observed or for which our radio maps are of poor 
quality (usually as a result of overresolution). The main aim of presenting the 
maps in this appendix is to illustrate the variety of morphologies in our sample 
and provide a reference for the discussions in the main body of the thesis. We 
do not present our VLA maps at both  1.4 GHz and 5 GHz, but in each case we 
present the m ap with highest quality and resolution. The observational frequency 
for these radio maps are listed in the top right corner of each map.
For some sources we reproduce radio maps from the literature. These sources 
and their references are:
PKS 0247-207, PKS 0449-17, PKS 0523-32, PKS 0546-329, PKS 0548-317, 
PKS 0718-34, PKS 1323-271, PKS 2013-308, PKS 2040-26, PKS 2236-17, are 
taken from Ekers et al. (1989). These are generally sources which were known 
to be of low power and hence were not observed by us due to observing time 
constraints. The maps for PKS 0546-329 and PKS 2040-26 are VLA maps at 
1.4 GHz. All the other Ekers et al. (1989) maps presented here are VLA maps 
at 4.89 GHz.
PKS 0304-123 is taken from O ’Dea and Owen (1985).
PKS 0915-118 is taken from Baum et al. (1988).
PKS 2104-256 is taken from Cameron (1988).
For contour levels in these maps we refer to the original publications. Con­
tour levels for our radio maps are at -5%, -2%, 2%, 5%, 10%, 15%, 20%, 25%, 30%, 
40%, 50%, 60%, 70%, 80%, 90% and 100% of the peak surface brightness. Values 
for the peak surface brightness of these radio sources are given in table 3.10.
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Appendix D:
Filtered 6 cm Radio Maps.
This appendix  presents filtered 6 cm radio m aps for sources w ith  radio core 
fluxes listed in Table 3.5. T he cross in each m ap indicates the  approx im ate optical 
position  of the host galaxy. In m any cases there are o ther unresolved com ponents 
which represent ho tspo ts  in the  radio  je ts  or lobes. L isted at the  lower left of each 
m ap is the  peak flux-density in the  m ap plus the  contour levels as a percentage 
of the peak flux-density. N egative as well as positive contour levels are p lo tted  to 
ind icate  the  level of noise in the  m ap.
Each of these m aps was genera ted  as discussed in section 3.5 by applying a 
high-pass filter w ith a gaussian  cutoff which excludes d a ta  points less th a n  30 kilo- 
w avelengths in the  fourier ( uv ) plane. T he function  of the  gaussian cutoff in the 
filter is to  reduce the effects of ringing w hen the d a ta  is inverted  into the real 
plane. The filtered d a ta  is then  C LEA N ed in the  s tan d ard  m anner for synthesis 
radio m aps.
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5.000, 6.000, 7.000, 8.000, 9.000,10.00)
PLot file version 2 created 08-FEB-1991 18:10:58
0511-305 IPOL 4885.100 MHZ 0511-305.ICLN.1
40 35
RIGHT ASCENSION
5 11 55
Peak flux = 8.4604E-03 JY/BEAM 
Levs = 8.4604E-04 * ( -10.0. -9.00. -8.0I 
-7.00, -6.00, -5.00, -4.00, -3.00. -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000,
PLOT FILE VERSION 1 CREATED 09-AUG-1987 18:02:59 
0545-199 I POL 4885.100 MHZ 0545-199. I CLN.2
19 58 15
59 00
20 00 00
05 45 50 RIGHT ASCENSION
PEAK FLUX - 4.0603E-02 JY/BEAM
LEVS - 4.0603E-03 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
PLot file version 1 created 23-APR-1991 18:38:42 
0600-131 IPOL 4885.100 MHZ 0600-131.ICLN.1
09 55
10 00
>00 51.5 51.0 50.5 50.0 49.5
RIGHT ASCENSION
Peak flux = 2.6423E-03 JY/BEAM 
Levs = 2.6423E-04 * ( -5.00.-4.00, -3.00,
-2.00, -1.00.1.000, 2.000. 3.000. 4.000.
5.000, 6.000, 7.000, 8.000, 9.000, 10.00)
49.0 48.5
PLOT FILE VERSION 1 CREATED 09-AUG-1987 16:55:30
061 1-254 I POL 4885.100 MHZ 061 1-254. I CLN. 1
5 28 45
29 00
30 00
06 11 36 RIGHT ASCENSION
PEAK FLUX - 6.1503E-02 JY/BEAM
LEVS - 6.1503E-03 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
PLOT FILE VERSION 1 CREATED 09-AUG-1987 16:58:25 
0614-349 I POL 4885.100 MHZ 0614-349. I CLN. 1
34 54 15
55 00
56 00
06 14 54 RIGHT ASCENSION
PEAK FLUX - 9.7645E-01 JY/BEAM
LEVS - 9.7645E-02 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
PLOT F I L E  VERSION  
0 6 3 4 - 2 0 5  I POL
1 CREATED 0 9 - A U G - 1987  1 7 : 0 1 : 1 8  
4 8 8 5 . 1 0 0  MHZ 0 6 3 4 - 2 0 5 .  I C L N . 1
20 31 30
32 00
33 00
45 24 23 22
RIGHT ASCENSION 
1 . 6 0 9 3 E - 0 2  JY/BEAMPEAK FLUX 
LEVS 1 . 6 0 9 3 E - 0 3
- 1 . 0 0 ,
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 7 : 0 5 : 2 8
0 7 4 5 - 1 9 1  I POL 4 8 8 5 . 1 0 0  MHZ 0 7 4 5 - 1 9 1  . I CL N . 1
19 09  15
10 00
11 00
07 45  22 20 19 18
„ . RIGHT ASCENSION
PEAK FLUX -  2 . 1 1 2 5 E - 0 1  JY/BEAM
LEVS -  2 . 1 1 2 5 E - 0 2  * ( - 1 0 . 0 ,  - 9 . 0(
- 5 . 0 0 ,
2 . 0 0 0 ,
8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
- 8 . 0 0 ,
- 3 . 0 0 , - 2 . 0 0 ,
PLot file version 1 created 23-APR-1991 18:40:22 
0806-103 IPOL 4885.100 MHZ 0806-103.ICLN.1
19 00
20 00
08 06 34 33 32 31 30
RIGHT ASCENSION
Peak flux = 1.1290E-01 JY/BEAM 
Levs = 1.1290E-02 * [  -5.00.-4.00, -3.00,
-2.00, -1.00, 1.000, 2.000,3.000, 4.000!
♦
PLOT FILE VERSION 1 CREATED 09-AUG-1987 18:19:58 
1 103-244 I POL 4885.100 MHZ 1 103-244. I CLN.5
24 27 30
28 00
29 00
11 03 50 RIGHT ASCENSION
PEAK FLUX - 7.2465E-02 JY/BEAM
LEVS - 7.2465E-03 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
PLot file version 1 created 20-APR-1991 14:47:00 
1254-300 IPOL 4885.100 MHZ 1254-300.ICLN.2
30 05 00
S', r ' " - J  \  n f eP %  r d r*z> V - V
V
06 00
- , - ~ -u  y .<  >>,
o'- '. ->>- V  /~"0 1
■ ■ r - , -  . ,
^  o ;-1 V .  <■:$? l' .s  ; &
;  ; . - N -  . . .  A .N  s '  i ,'.!r ' ■'
^  '" *  ’^ 7  '■&'.*o f fer/Wx %
*-/
_ _ _  . »C^ 3
,x -v<0 '7 *\Sr.
-  V * L
x^ h k  ,
- _  '•S jf'ä lX,' «^gy.
(
Ü » S£> p  £~7 
v.--r' /  /  \ V
> '7 ^  V !o \ 'x  < 
V^'V, ' v s w
aPUCK■> *» X \*a k '- '- -)A4 • - J ^  ' 5?J* <^ 0kS^  ^A  ° v (Jif.i\M-x ^
'/ <_ l{  \ \  ^/ /-» ^
12 54 41.5 41.0 40.5 40.0 39.5 39.0 38.5
RIGHT ASCENSION
Peak flux = -3.0518E-03 JY/BEAM 
Levs = 3.0518E-04 * ( -5.00, -4.00, -3.00,
-2.00, -1.00,1.000, 2.000, 3.000. 4.000,
I"  f l f t f t  /*  A A A  T  A A A  A  A A A  f t  A A A  -4 A  A f t \
38.0 37.5
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 8 : 2 1 : 1 5  
1 2 5 8 - 2 2 9  I POL 4 8 8 5 . 1 0 0  MHZ 1 2 5 8 - 2 2 9  . I C L N .2
22 55 00
56 00
57 00
12 58 22
RI GHT ASCENSION
PEAK FLUX -  1 . 1 5 5 9 E - 0 1 JY/BEAM
LEVS -  1 . 1 5 5 9 E - 0 2  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0 ,
- 7 . 0 0 ,  - 6 . 0 0 ,  - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
- 1 . 0 0 ,  1 . 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0 ,  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
PLot file version 3 created 20-APR-1991 14:42:05 
1323-271 IPOL 4885.100 MHZ 1323-271.ICLN.1
7 09 45
30
13 23 26.5 26.0 25.5 25.0 24.5 24.0
RIGHT ASCENSION
Peak flux = 1.3893E-02 JY/BEAM 
Levs = 1.3893E-03 * ( -5.00.-4.00, -3.00,
-2.00, -1.00. 1.000. 2.Ö00. 3.000. 4.000,
5.000, 6.000, 7.000, 8.000, 9.000, 10.00)
23.5 23.0 22.5
PLot file version 1 created 23-APR-1991 19:07:38 
1324-300 IPOL 4885.100 MHZ 1324-300.ICLN.2
13 24 58.5 58.0 57.5 57.0 56.5 56.0
RIGHT ASCENSION
Peak flux = 1.1072E-02 JY/BEAM 
Levs = 1.1072E-03 * ( -5.00, -4.00, -3.00,
-2.00, -1.00, 1.000, 2.000. 3.000, 4.000,
5.000, 6.000, 7.000, 8.000, 9.000, 10.00)
55.5 55.0
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 7 : 1 8 : 2 9
1 3 2 9 - 2 5 7  I POL 4 8 8 5 . 1 0 0  MHZ 1 3 2 9 - 2 5 7 .  I C L N . 1
25 43 30
44  00
4 5  00
13 29  48 > 44
RI GHT ASCENSION
PEAK FLUX -  1 . 2 0 8 5 E - 0 1 JY/ BEAM
LEVS -  1 . 2 0 8 5 E - 0 2  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0 ,
- 7 . 0 0 ,  - 6 . 0 0 ,  - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
- 1 . 0 0 ,  1 . 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0 ,  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
PLot file version 2 created 15-APR-1991 15:39:36 
1329-328 IPOL 4885.100 MHZ 1329-328.ICLN.1
Levs = 4.4810E-04 * f  -5.00.-4.00, -3.00, 
-2.00, -1.00. 1.000. 2.000. 3.000. 4.000, 
5.000, 6.000, 7.000, 8.000, 9.000,10.00)
PLot file version 3 created 20-APR-1991 14:40:37 
1358-113 IPOL 4885.100 MHZ 1358-113.ICLN.1
11 21 30
22 00
13 59 03.0 02.5 02.0 01.5 01.0
RIGHT ASCENSION
Peak flux = 8.6523E-02 JY/BEAM 
Levs = 8.6523E-03 * ( -5.00, -4.00, -3.00,
-2.00, -1.00,1.000, 2.000, 3.000, 4.000,
5.000, 6.000, 7.000, 8.000, 9.000,10.00)
00.5 58 60.0 59.5
PLot file version 2 created 15-APR-1991 15:41:54 
1405-298 IPOL 4885.100 MHZ 1405-298.ICLN.1
Levs = 1.3343E-02 * f  -5.00.-4.00, -3.00, 
-2.00, -1.00. 1.000. 2.000. 3.000. 4.000. 
5.000, 6.000,7.000, 8.000, 9.00Ö, 10.00)
PLot file version 1 created 23-APR-1991 18:43:57
Peak flux = 2.0046E-03 JY/BEAM 
Levs = 2.0046E-04 * (  -5.00.-4.00, -3.00, 
-2.00, -1.00, 1.000. 2.000. 3.000.4.000, 
5.000, 6.000, 7.000, 8.000, 9.000,10.00)
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PLot file version 
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PLot file version 
1 
created 23-A
PR
-1991 18:47:59 
1449-129 IPO
L 
4885.100 M
H
Z 
1449-129.ICLN.1
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 7 : 3 3 : 5 7  
1 5 1 7 - 2 8 3  I POL 4 8 8 5 . 1 0 0  MHZ 15 1 7 - 2 8 3 .  I C L N . 1
28 22 45
23 00
24 00
15 17 10
RIGHT ASCENSION
PEAK FLUX -  1 . 4 3 5 1 E - 0 2  JY/ BEAM
LEVS -  1 . 4 3 5 1 E - 0 3  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0 ,
- 7 . 0 0 ,  - 6 . 0 0 ,  - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
- 1 . 0 0 ,  1 . 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0 ,  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 7 : 3 5 : 1 0  
1 5 5 3 - 3 2 8  I POL 4 8 8 5 . 1 0 0  MHZ 1 5 5 3 - 3 2 8  . I C L N . 1
32 53 00
54 00
32 30
RIGHT ASCENSION 
1 . 2 6 1 2 E - 0 1  JY/BEAM
15 53 34
PEAK FLUX
LEVS -  1 . 2 6 1 2 E - 0 2  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0 ,
- 7 . 0 0 ,  - 6 . 0 0 ,  - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
- 1 . 0 0 ,  1 . 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0 ,  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
DECLINATION
cn
oo ■pkcn COo
-f*
oo
I ^
CO
CO
cn
PL
ot file version 
1 
created 23-A
PR
-1991 19:17:22 
1654-137 IPO
L 
4885.100 M
H
Z 
1654-137.IC
LN
.1
PLOT F I L E  VERSION 1 CREATED 0 9 - A U G - 1 9 8 7  1 7 : 4 2 : 1 7  
1 7 1 2 - 1 2 0  I POL 4 8 8 5 . 1 0 0  MHZ 1 7 1 2 - 1 2 0 .  I C L N .1
12 02 00
03 00
04 00
17 12 55
RI GHT ASCENSION
PEAK FLUX -  1 . 6 8 4 9 E - 0 2  JY/ BEAM
LEVS -  1 . 6 8 4 9 E - 0 3  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0 ,
- 7 . 0 0 ,  - 6 . 0 0 ,  - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
- 1 . 0 0 ,  1 . 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0 ,  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
PLOT F I LE  VERSION 1 CREATED 09 -A U G -1 9 8 7  1 8 : 3 9 : 0 2  
2 0 5 3 - 2 0 1  I POL 4 8 8 5 . 1 0 0  MHZ 2 0 5 3 - 2 0  1 . I CLN.4
- 2 0  07 15 —
08 00 —
09 00 —
12 11 10
— — . RIGHT ASCENSION
PEAK FLUX -  4 . 5 4 6 6 E - 0 2  JY/BEAM
LE^ S -  4 . 5 4 6 6 E - 0 3  * ( - 1 0 . 0 ,  - 9 . 0 0 ,  - 8 . 0 0
~6 , 0 0 ' - 5 . 0 0 ,  - 4 . 0 0 ,  - 3 . 0 0 ,  - 2 . 0 0 ,  
I 1 - 2 ° ,  1 - 0 0 0 ,  2 . 0 0 0 ,  3 . 0 0 0 ,  4 . 0 0 0 ,  5 . 0 0 0  
6 . 0 0 0 ,  7 . 0 0 0 ,  8 . 0 0 0 ,  9 . 0 0 0 ,  1 0 . 0 0 )
PLOT FILE VERSION 1 CREATED 09-AUG-1987 17:47:38 
2058-135 I POL 4885.100 MHZ 2058-135. I CLN. 1
-13 29 45
30 00
31 00
20 59 01 00 58 59
RIGHT ASCENSION
PEAK FLUX - 2.1981E-02 JY/BEAM
LEVS - 2.1981E-03 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
PLot file version 1 created 23-APR-1991 19:38:01
0 1 1 7 - 9 f i Q  IDHI A Q Q R 1fin MU7 0117. 0CQ l ^ l  M t
58 00
21 17 50.5 50.0 49.5 49.0 48.5 48.0 47.5
RIGHT ASCENSION 
Peak flux = 1.7273E-02 JY/BEAM 
Levs = 1.7273E-03 * ( -5.00,-4.00, -3.00,
-2.00, -1.00,1.000, 2.000, 3.000,4.000,
47.0
PLot file version 1 created 08-FEB-1991 21:03:04 
2134-281 IPOL 4885.100 MHZ 2134-281.ICLN.1
21 34 20.5 20.0 19.5 19.0 18.5 18.0 17.5
RIGHT ASCENSION
Peak flux = 2.1532E-03 JY/BEAM 
Levs = 2.1532E-04 * ( -5.00,-4.00,-3.00,
3.000, 4.000. 5.000, 6.000, 7.000, 8.000, 
q nnn m  nn\
PLOT FILE VERSION 1 CREATED 09-AUG-1987 17:53:44 
2206-237 I POL 4885.100 MHZ 2206-237. I CLN. 1
-23 45 45
46 00
15
30
45
47 00
15
30
22 06 36 34 32 30 28
RIGHT ASCENSION
PEAK FLUX - 8.6934E-01 JY/BEAM
LEVS - 8.6934E-02 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00,
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000,
6.000, 7.000, 8.000, 9.000, 10.00)
PLOT FILE VERSION 1 CREATED 09-AUG-1987 17:55:09
2317-277 I POL 4885.100 MHZ 2317-277. I CLN. 1
-27 43 30
44 00
45 00
23 17 19
RIGHT ASCENSION
PEAK FLUX - 2.1369E-02 JY/BEAM
LEVS - 2.1369E-03 * ( -10.0, -9.00, -8.00,
-7.00, -6.00, -5.00, -4.00, -3.00, -2.00, 
-1.00, 1.000, 2.000, 3.000, 4.000, 5.000, 
6.000, 7.000, 8.000, 9.000, 10.00)
